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INTRODUCTION 


Due  to  the  enormity  of  the  tibial  stress  fraeture  (TSF)  problem  in  the  military  it  is  vitally  important  to 
develop  a  better  understanding  of  how  the  conditions  experienced  by  military  personnel  affect  their  risk 
for  TSF.  The  overall  purpose  of  this  study  was  to  determine  how  the  factors  of  fatigue,  load  carriage, 
and  history  of  physical  activity  affect  the  mechanical  loading  of  the  tibia  and  subsequent  risk  of  tibial 
stress  fracture.  The  research  project  had  been  conducted  in  two  phases. 

The  first  phase  of  this  research  focused  on  the  effects  of  load  carriage  and  fatigue  on  mechanical 
variables  associated  with  increased  risk  of  tibial  stress  fractures.  Motion  capture,  ground  reaction  force, 
electromyographic,  and  computed  tomography  data  were  used  to  create  participant  specific 
musculoskeletal  and  finite  element  models.  These  models  were  used  to  determine  the  tibial  strains  and 
strain  rates  during  both  loaded  and  fatigued  walking  conditions.  The  immediate  significance  of  this 
research  is  the  determination  of  how  different  tasks  and  conditions  affect  the  tibial  strains  produced 
during  militarily  relevant  conditions.  It  is  this  mechanical  loading  and  the  strains  it  causes  in  the  bone 
that  ultimately  leads  to  TSF.  The  results  of  this  study  can  be  used  to  evaluate  the  relative  increases  in 
bone  strain  and  potential  risk  of  TSF  due  to  carrying  additional  loads,  fatigue,  and  the  combination  of 
fatigue  and  load  carriage.  By  understanding  how  load  and  fatigue  influence  tibial  strains,  the  appropriate 
measures  can  be  taken  in  the  future  to  minimize  the  risks  to  recruits.  This  could  be  in  form  of  altering 
load  carriage,  training  programs,  or  a  combination  of  the  two. 

The  second  phase  of  this  research  focused  on  the  effects  of  previous  physical  activity  history  on  the 
mechanical  variables  associated  with  increased  risk  of  tibial  stress  fractures.  Two  groups  of  participants 
were  recruited.  Group  1  consisted  of  participants  who  had  participated  regularly  in  a  minimum  of  2 
years  of  recreational  basketball.  Group  2  consisted  of  participants  who  had  participated  regularly  in  a 
minimum  of  2  years  of  recreational  running.  Motion  capture,  ground  reaction  force,  electromyographic, 
and  computed  tomography  data  were  used  to  create  participant  specific  musculoskeletal  and  finite 
element  models.  These  models  were  used  to  determine  the  tibial  strains  and  strain  rates  during  1) 
running,  landing,  and  cutting  maneuvers  and  2)  progressively  loaded  walking  trials.  The  significance  of 
this  research  was  that  it  would  provide  information  regarding  how  physical  activity  history  affects  tibial 
strains  in  conditions  similar  to  those  encountered  in  basic  training.  The  results  from  this  phase  of  the 
research  can  be  used  to  determine  if  there  are  any  benefits  to  engaging  in  multi-directional,  irregular 
impact  activities  (such  as  those  encountered  in  basketball)  compared  to  running.  This  is  relevant  because 
one  of  the  major  issues  yet  to  be  resolved  in  stress  fracture  prevention  is  the  determination  of  the  type 
and  frequency  of  exercise  that  is  vigorous  enough  to  stimulate  bone  growth  and  adaptation  yet  not 
severe  enough  as  to  lead  to  overuse  injuries.  This  research  will  lead  to  advances  in  our  understanding  of 
how  participation  in  different  types  of  physical  activity  relates  to  the  incidence  of  TSF.  These  data  may 
then  be  used  to  develop  more  effective  training  programs  and  to  better  identify  individuals  who  are  at 
higher  risk  of  sustaining  stress  fractures  due  to  their  history  of  physical  activity. 

The  comprehensive  scope  of  the  proposed  research  will  contribute  significantly  to  the  scarcity  of 
published  literature  on  in-vivo  tibial  strains  and  strain  rates  during  activities  consistent  with  what  are 
required  for  military  personnel.  These  data  are  needed  in  order  to  develop  a  better  understanding  of  the 
dose-response  relationship  between  loading  conditions  and  bone  health. 
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BODY 


PHASE  1  PROJECT 

There  is  evidence  that  load  carriage  and  fatigue  affect  basic  kinematic  and  kinetic  gait  parameters  in  a 
way  that  is  consistent  with  increased  mechanical  demands  on  the  tibia.  However,  the  specific  effects  of 
load  carriage  and  fatigue  on  tibial  loading,  specifically  strain  and  strain  rates,  are  not  known.  In  order  to 
determine  these  effects,  a  combination  of  load  carriage  and  fatiguing  protocols  are  examined  using 
traditional  gait  analysis  techniques  in  conjunction  with  new  musculoskeletal  modeling  and  finite  element 
analysis  (FEA)  protocols. 

The  purpose  of  the  first  phase  of  this  research  is  to  determine  the  effects  of  load  carriage  and  fatigue  on 
mechanical  variables  associated  with  increased  risk  of  tibial  stress  fractures.  Currently,  there  is  no  clear 
consensus  on  how  conditions  such  as  carrying  additional  loads  or  fatigue  influence  the  strains  in  the 
tibia. 

Summary  of  Methods 

In  order  to  determine  the  effects  of  load  carriage  and  fatigue  on  mechanical  variables  associated  with 
increased  risk  of  tibial  stress  fracture,  traditional  kinematic  and  kinetic  analyses  derived  from  motion 
capture  and  force  plate  data  have  been  combined  with  a  participant-specific  finite  element  model  of  the 
tibia  utilizing  customized  musculoskeletal  modeling  software  and  FEA  (Eigure  1). 


Figure  1.  Diagram  of  project  workflow 

In  order  to  test  the  Phase  I  hypotheses  that  I)  an  increase  in  load  carried  will  result  in  changes  in  gait 
mechanics  and  increased  strains  and  strain  rates  in  the  tibia,  and  2)  fatigue  will  result  in  changes  in  gait 
mechanics  and  increased  strains  and  strain  rates  in  the  tibia,  the  following  protocols  and  procedures  have 
been  implemented. 

Participants 

In  order  to  control  for  the  confounding  factors  of  hormonal  status,  body  size,  and  strength,  the  study  was 
conducted  using  a  convenience  sample  of  20  male  participants.  Participants  were  recruited  from  the  Ball 
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State  University  student  population.  Upon  signing  the  written  informed  consent  approved  by  the 
university’s  institutional  review  board  for  human  subject  participation  in  research  and  the  HRPO  of  the 
U.S.  Army  Medical  Research  and  Materiel  Command,  participants  were  scheduled  and  tested. 

The  participants  completed  three  data  collection  sessions;  1)  assessment  of  aerobic  and  muscular 
strength,  2)  gait  analysis  during  loaded/fatigued  walking  conditions,  and  3)  computed  tomography  (CT) 
imaging  of  their  tibias. 

Fitness  Assessments 

The  participants  completed  an  aerobic  and  muscular  fitness  assessment  session  which  lasted 
approximately  two  hours. 

First,  an  assessment  of  maximal  oxygen  consumption,  or  VO2  peak,  was  made.  Expired  gases  were 
collected  with  a  ParvoMedics  metabolic  cart  (ParvoMedics,  Sandy,  UT),  which  was  calibrated  prior  to 
each  testing  session  with  standard  gasses  and  a  3L  syringe.  A  modified  ramped  version  of  the  Bruce 
treadmill  protocol  was  used  [1].  The  participants  began  the  testing  by  walking  at  1.7  mph  on  a  10% 
incline.  Speed  and  grade  were  gradually  increased  until  the  subject  voluntarily  terminated  the  test  due  to 
fatigue.  Resting  heart  rate  and  blood  pressure  were  measured  and  monitored  at  regular  intervals 
throughout  the  testing  session.  Next,  the  participants  were  given  a  30  minute  rest. 

Following  the  rest  period,  the  participants’  lower  body  muscular  strength  was  measured  using  a  IRM 
effort  leg  press  similar  to  that  described  by  Hoffman  et  al  [2].  The  participants  self-selected  an  initial 
starting  weight  with  which  they  could  perform  approximately  10  repetitions.  After  this  initial  set  of  10 
repetitions,  the  researcher  in  charge  of  the  data  collection  increased  the  weight  by  2.5  to  20kg,  as 
described  in  the  ACSM’s  Guidelines  for  Exercise  Testing  and  Prescription  [3].  Two  minutes  of  rest  was 
given  between  trials.  The  assessment  was  continued  until  the  participants  could  no  longer  successfully 
complete  a  repetition.  The  weight  of  the  last  successful  attempt  was  recorded  as  the  participants’  IRM. 

Load  Carriage  and  Fatigue  Protocol 

The  participants  completed  a  set  of  walking  trials  under  different  loading  and  fatigue  conditions  during 
which  standard  motion  capture  data  were  collected. 

Fifteen  VICON  M-series  cameras  (120  Hz)  and  VICON  NEXUS  1.4  software  (VICON  Inc.  Denver, 
CO)  were  used  to  collect  three  dimensional  coordinates  of  reflective  markers,  ground  reaction  forces, 
and  EMG  of  leg  muscles.  A  modified  standard  plug-in  gait  marker  set  with  cluster  plates  was  used.  A 
tandem  forceplate  instrumented  treadmill  (AMTI  Inc.,  Watertown,  MA)  was  used  to  set  the  walking 
speed  at  1.67  m/s  and  allowed  ground  reaction  forces  to  be  collected  at  2400  Hz.  A  16-channel  Delsys 
EMG  system  (Delsys  Inc.,  Boston,  MA)  (2400  Hz)  with  bipolar  single  differential  surface  electrodes  (41 
mm  X  20  mm  electrode  area,  inter-electrode  distance  1  cm)  was  used  to  monitor  muscular  activity  of 
selected  leg  muscles. 

Prior  to  data  collection,  basic  participant  anthropometric  measurements  were  performed.  These 
measurements  included;  height,  weight,  leg  length,  ankle  width,  knee  width,  and  ASIS  width. 

Following  the  basic  measurements  and  application  of  markers  and  electrodes,  the  participants  warmed 
up  in  preparation  for  assessment  of  their  maximal  vertical  jump  height.  The  participants  warmed  up  by 
walking  at  a  self-selected  pace  on  the  treadmill  for  5  minutes,  followed  by  five  practice  jumps.  The 
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participants’  maximal  vertical  jump  height  was  assessed  using  a  Vertee,  they  performed  three  maximal 
vertical  jumps  and  the  highest  of  the  three  was  reeorded. 

Following  the  baseline  vertical  jump  test,  the  participants  began  the  walking  protoeol  as  outlined  below: 

1 .  Walk  for  5  minutes  with  no  backpaek 

2.  Walk  for  5  minutes  carrying  a  32kg  backpack* 

3.  Completion  of  Fatigue  Protocol 

4.  Walk  for  5  minutes  fatigued  earrying  a  32kg  baekpack* 

5.  Walk  for  5  minutes  fatigued  with  no  backpack 

*This  32kg  load  is  similar  to  the  Army’s  suggested  approach  or  marching  load  [4], 

During  each  of  these  stages,  the  participants  walked  on  a  treadmill  (0°  incline)  at  a  pace  of  1.67m/s.  The 
participants  wore  standard  military  boots  (Altama™  Mil-Spec  Desert  3  Layer  boot),  shorts,  and  t-shirt 
during  the  experiment.  During  the  testing  session,  motion  capture,  ground  reaction  force,  and  EMG  data 
were  reeorded  for  the  last  minute  of  each  stage  of  the  protoeol. 

The  fatiguing  protocol  took  place  between  the  seeond  and  fourth  stages  of  the  walking  protoeols.  Due  to 
the  potentially  different  effeets  of  whole  body  fatigue  vs.  loeal  muscle  fatigue  on  factors  relevant  to 
tibial  stress  fracture  [5,  6],  a  combination  of  activities  were  used. 

The  partieipants  eompleted  a  cireuit  which  included  loaded  stepping  and  heel  raises.  The  stepping 
protoeol  was  based  on  a  Queens  College  Step  Test  proeedure  [7].  The  participants  performed  the  test 
while  wearing  a  16kg  backpack.  The  step  height  remained  at  the  standard  16  inches  and  the  participants 
stepped  up  and  down  at  a  rate  of  24  cycles  per  minute.  One  cycle  was  defined  as  step  up  with  first  leg, 
step  up  with  eontra-lateral  leg,  step  down  first  leg,  and  step  down  with  eontra-lateral  leg.  A  metronome 
was  set  at  4  times  the  eycle  rate  to  correspond  to  leg  movements,  in  this  ease  96  beats  per  minute. 
Participants  performed  this  stepping  sequence  until  they  eould  no  longer  match  the  cadenee  of  the 
metronome.  At  this  time  the  participants  completed  20  heel  raises  standing  at  the  edge  of  a  box. 
Following  the  heel  raises  the  participants  removed  the  backpack  and  completed  a  maximal  effort  vertical 
jump  measured  using  the  Vertee.  This  sequenee  was  repeated  until  the  participants’  maximal  vertical 
jump  fell  to  or  below  80%  of  its  original  value.  Members  of  the  researeh  team  provided  verbal 
encouragement  throughout  the  testing  in  order  to  elicit  a  maximal  effort  from  the  partieipants. 

CT  Imaging  Protocol 

The  partieipants  visited  Ball  Memorial  Hospital  (Muneie,  IN)  aceompanied  by  a  member  of  the  researeh 
team.  During  this  visit  bilateral  tibial  CTs  were  reeorded.  This  proeess  took  approximately  one  hour. 

Axial  plane  scans  were  obtained  using  the  following  parameters:  slice  thickness  0.625mm,  15cm  x  15cm 
field  of  view  (FOV),  kVp  and  mAs  determined  by  maehine  algorithm  (auto)  based  upon  participant 
anthropometries,  each  leg  seanned  separately  from  the  distal  femur  through  the  calcaneous.  Images 
were  reconstructed  in  a  512x512  matrix  using  bone  parameters  derived  from  the  literature.  In  addition  to 
using  the  tibial  CTs  for  modeling  purposes,  the  images  were  used  to  calculate  the  tibial  size  and  eross 
sectional  area  at  the  narrowest  portion  of  the  tibia,  for  eonsideration  in  subsequent  analyses. 
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Modeling  Methods 


Bone  geometries  were  obtained  using  eomputed  tomography  (CT).  CT  images  were  segmented  and  3D 
geometry  files  generated  in  Materialise  MIMICS  13.0  (Materialise,  Leuven,  Belgium). 

The  3D  surfaee  geometries  were  used  in  MD  MARC  2008  (MSC  Software,  Santa  Anna,  CA)  to  build 
hexmesh  finite  element  (FE)  models  with  generie  linear  isotropie  material  properties  of  elastie  modulus 
IVGPa,  density  1.9g/em^,  and  Poisson’s  ratio  of  0.3.  Tibia  models  were  then  imported  into  a  sealed 
LifeMOD  model. 

Onee  positioned,  spatial  eoordinates  of  musele  model  markers  representing  origins,  insertions,  and  joint 
positions  relative  to  the  tibia  were  ineorporated  into  the  FE  tibia.  Boundary  eonditions  were  assigned  as 
rotational  and  translational  degrees  of  freedom  of  nodes  representing  ankle  and  knee  joint  eenters  and 
flexible  bodies  (modal  neutral  files)  were  generated  for  LifeMOD. 

For  a  full  deseription  of  EifeMOD  modeling  methods  and  use  of  flexible  bodies,  see  A1  Nazer  [8].  Key 
differenees  between  this  study  and  that  of  A1  Nazer  et  al  ineluded  more  musele  aetuators  on  the  leg  with 
the  flexible  tibia,  participant  specific  segment  scaling  based  on  joint  center  calculations,  ground  reaction 
forces,  and  participant  specific  tibial  geometries  generated  from  CT  scans. 

A  lower  body  model  was  built  using  participant  sex,  mass,  and  height  as  scaling  inputs  in  the  GeBOD 
database  [9].  Segments,  joint  locations,  and  orientations  were  scaled  using  joint  center  data  from  Visual 
3D.  Experimental  kinematic  data  were  used  to  perform  an  inverse  kinematic  analysis.  Results  of  this 
analysis  were  used  to  “train”  the  muscle  (right  leg)  and  joint  (left  leg)  PID  controllers  used  to  actuate  the 
model  in  a  forward  dynamics  (ED)  analysis.  These  controllers  were  “trained”  by  using  the  kinematics  of 
the  inverse  kinematics  run  as  the  targets  for  the  forces  produced  by  the  actuators.  If  these  targets  were 
not  met,  force  production  was  modulated  to  better  produce  the  kinematics.  Flexible  tibias  were  then 
imported  into  EifeMOD.  A  ED  analysis  was  performed  with  the  addition  of  ground  reaction  forces 
applied  to  the  feet  and  motion  capture  kinematics  disabled.  Maximum  principal,  minimum  principal,  and 
maximum  shear  strain  values  were  then  calculated  using  the  Durability  plug-in  for  MD  ADAMSA^iew 
for  the  nodes  of  the  geometric  middle  third  of  the  tibial  shaft  (MSC  Software,  Santa  Ana,  CA). 

Statistical  Analyses 

The  statistical  analysis  was  divided  into  two  parts,  one  focusing  on  traditional  gait  mechanics  and  the 
other  on  the  tibial  strain  profiles.  While  these  analyses  both  address  the  general  research  question 
regarding  the  impact  of  load  and  fatigue  on  risk  factors  associated  with  tibial  stress  fracture,  the 
differences  in  the  research  designs  used  to  gather  the  data  require  the  use  of  somewhat  different 
statistical  modeling. 

Traditional  Gait  and  Loading  Mechanics 

In  order  to  test  whether  load,  fatigue  or  the  combination  of  these  factors  results  in  changes  in  gait 
mechanics;  the  following  dependent  (outcome)  variables  were  calculated  and  analyzed: 

•  Peak  vertical  ground  reaction  forces 

•  Vertical  ground  reaction  force  loading  rate 

•  Stride  frequency 


Double  support  time 


The  target  independent  variables  were  loading  condition  and  fatigue,  which  were  completely  crossed.  In 
addition  to  these  primary  independent  variables,  a  number  of  other  variables  (referred  to  collectively  as 
covariates)  were  included  in  the  analysis  in  order  to  control  statistically  for  factors  that  had  previously 
been  shown  to  be  associated  with  the  risk  of  tibial  stress  fracture.  These  covariates  included  body  mass, 
leg  length,  tibial  size  (cross  sectional  area  (CSA)  at  the  narrowest  portion  of  the  tibia)  and  fitness  level 
as  measured  by  IRM  leg  press  and  VO2  peak. 

In  order  to  assess  the  impact  of  fatigue  and  loading  condition  on  the  outcome  variables,  a  repeated- 
measures  Analysis  of  Covariance  (ANCOVA)  was  used.  ANCOVA  was  appropriate  for  this  statistical 
analysis  because  it  accounted  for  the  continuous  independent  variables  that  were  collected  from  each 
individual  and  used  to  control  for  variables  known  to  be  related  to  tibial  stress  fractures.  Because  the 
participants  were  measured  under  two  different  load  conditions,  and  two  levels  of  fatigue,  the  repeated 
measures  aspect  of  the  analysis  allowed  for  a  direct  comparison  of  dependent  variable  means  across  load 
conditions  and  fatigue  levels,  and  allowed  for  an  assessment  of  the  interaction  of  these  two  variables. 

Tibial  Strain  Profile 

In  order  to  determine  whether  load,  fatigue  or  the  combination  of  these  factors  results  in  changes  of  the 
tibial  strain  profile,  the  following  dependent  (outcome)  variables  were  calculated  and  analyzed: 

•  Peak  strain  in  the  middle  third  of  the  tibia 

•  Peak  strain  rate  in  the  middle  third  of  the  tibia 

The  independent  variables  and  covariates  of  interest  for  this  analysis  were  the  same  as  for  traditional  gait 
mechanics,  with  the  primary  focus  being  on  fatigue  and  loading  condition  and  their  interaction.  The 
actual  modeling  of  the  dependent  variables  was  done  using  a  repeated-measures  ANCOVA,  as  described 
above.  As  with  the  traditional  gait  mechanics,  this  analysis  provided  significance  tests  for  the  primary 
independent  variables  while  controlling  for  the  covariates  and  the  repeated  measurements  on  the  same 
individuals. 

Combining  the  results  from  these  two  analyses  enabled  the  researchers  to  determine  whether  or  not  the 
data  collected  in  this  phase  of  the  study  support  in  full  or  in  part  the  hypotheses  that  1)  an  increase  in 
load  carried  will  result  in  changes  in  gait  mechanics  and  increased  strains  and  strain  rates  in  the  tibia  and 
2)  fatigue  will  result  in  changes  in  gait  mechanics  and  increased  strains  and  strain  rates  in  the  tibia. 

PHASE  2  PROJECT 

There  is  evidence  that  an  individual’s  past  physical  activity  influences  his  or  her  risk  of  sustaining  a 
tibial  stress  fracture.  This  evidence  is  based  primarily  on  epidemiologic  research  on  the  rates  of  injury  in 
different  sub-populations.  The  mechanisms  that  may  explain  these  results  have  not  been  adequately 
examined.  In  order  to  assess  the  effect  of  previous  physical  activity,  two  groups  of  individuals, 
basketball  players,  and  runners  completed  a  loaded  walking  protocol  along  with  a  series  of  other  high 
impact  activities  such  as  running,  drop-jumping,  and  cutting.  These  tasks  were  analyzed  using  traditional 
gait  analysis  techniques  in  conjunction  with  subject-specific  musculoskeletal  modeling  and  TEA 
protocols  in  order  to  determine  if  differences  in  tibial  strains  and  strain  rates  exist  between  the  two 
groups. 
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The  purpose  of  the  seeond  phase  of  this  researeh  was  to  determine  the  effects  of  physical  activity  history 
on  mechanical  variables  associated  with  increased  risk  of  tibial  stress  fractures. 

Summary  of  Methods 

In  order  to  determine  the  effects  of  physical  activity  history  on  mechanical  variables  associated  with 
increased  risk  of  tibial  stress  fracture,  traditional  mechanical  analyses  derived  from  motion  capture  and 
force  plate  data  had  been  combined  with  a  subject-specific  finite  element  model  of  the  tibia  utilizing 
customized  musculoskeletal  modeling  software  and  FEA  (Figure  1). 

In  order  to  test  the  following  hypotheses:  1)  regular  participation  in  sports  that  involve  irregular,  high 
impact  cutting  and  landing  maneuvers  for  minimum  of  2  years  results  in  bone  adaptations  that  lead  to 
lower  strains  in  the  tibia  during  loaded  walking  tasks.  2)  high  impact,  irregular  sporting  maneuvers  such 
as  cutting  and  landing  that  are  performed  during  playing  basketball,  produce  different  tibial  strains  and 
strain  rate  patterns  than  those  produced  during  running.  The  following  protocols  and  procedures  have 
been  implemented. 

Participants 

In  order  to  control  for  the  confounding  factors  of  hormonal  status,  body  size,  and  strength,  the  study  was 
conducted  using  a  convenience  sample  of  two  groups  of  20  male  participants  each,  for  a  total  of  40 
participants.  Participants  were  recruited  from  the  Ball  State  University  student  population.  Group  1 
consisted  of  participants  who  had  participated  regularly  in  a  minimum  of  2  years  of  recreational 
basketball.  Group  2  consisted  of  participants  who  had  participated  regularly  in  a  minimum  of  2  years  of 
recreational  running.  Upon  signing  the  written  informed  consent  approved  by  the  university’s 
institutional  review  board  for  human  subject  participation  in  research  and  the  HRPO  of  the  U.S.  Army 
Medical  Research  and  Materiel  Command,  the  participants  were  scheduled  and  tested. 

The  participants  completed  three  data  collection  sessions;  1)  assessment  of  aerobic  and  muscular 
strength,  2)  motion  capture,  force  plate,  and  electromyographic  (EMG)  data  collection  while  performing 
drop-jumping,  cutting,  running,  and  loaded  walking  tasks,  and  3)  computed  tomography  imaging  of  their 
tibias. 

Fitness  Assessments 

The  participants  completed  an  aerobic  and  muscular  fitness  assessment  session  which  lasted  about  two 
hours.  The  fitness  assessment  protocol  was  the  same  as  Phase  1  research  and  was  described  in  phase  1 
research  protocol. 

Motion  Capture  Protocol 

Fourteen  VICON  M-series  and  F-series  cameras  (240  Hz)  and  VICON  Workstation  5.0  software 
(VICON  Inc.  Denver,  CO)  were  used  to  collect  three  dimensional  coordinates  of  reflective  markers, 
ground  reaction  forces,  and  EMG  of  leg  muscles.  A  modified  standard  plug-in  gait  marker  set  with 
cluster  plates  was  used.  A  tandem  forceplate  instrumented  treadmill  (AMTI  Inc.,  Watertown,  MA)  was 
used  to  set  the  walking  speed  at  6  km/h  and  running  speed  at  12  km/h  and  allowed  ground  reaction 
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forces  to  be  eolleeted  at  2400  Hz.  A  16-ehannel  Delsys  EMG  system  (Delsys  Ine.,  Boston,  MA)  (2400 
Hz)  with  bipolar  single  differential  surfaee  eleetrodes  (41  mm  x  20  mm  eleetrode  area,  inter-electrode 
distanee  1  em)  was  used  to  monitor  museular  aetivity  of  seleeted  leg  museles. 

Prior  to  data  eolleetion,  basie  partieipant  anthropometrie  measurements  were  performed.  These 
measurements  ineluded:  height,  weight,  leg  length,  ankle  width,  knee  width,  and  ASIS  width. 

Following  the  basie  measurements  and  applieation  of  markers  and  eleetrodes,  the  partieipants  warmed 
up  in  preparation  for  assessment  of  their  maximal  vertieal  jump  height.  The  partieipants  warmed  up  by 
walking  at  a  self-selected  pace  on  the  treadmill  for  5  minutes,  followed  by  five  practiee  jumps.  The 
partieipants’  maximal  vertieal  jump  height  was  assessed  using  a  Vertee,  they  performed  three  maximal 
vertieal  jumps  and  the  highest  of  the  three  was  reeorded. 

Following  the  baseline  vertieal  jump  test,  the  partieipants  performed  the  following  movement  tasks 
while  motion  eapture,  foree  plate,  and  EMG  data  were  eolleeted; 

Drop-jump:  partieipants  performed  a  short  series  of  drop-jumps  to  mimic  jump  and  landing  task 
consistent  with  those  performed  in  basketball.  The  jump  height  was  based  on  80%  of  the  partieipant’s 
max  vertieal  jump  height.  Partieipants  performed  10  drop-jumps  onto  two  foree  plates  (one  foot  landing 
on  eaeh  plate).  Thirty  seeonds  rest  was  given  between  jumps. 

Cutting  Maneuver:  partieipants  performed  a  eutting  maneuver  described  by  Sigward  et  al.  [10]. 
Partieipants  were  instrueted  to  run  for  5m  and  then  performed  45-degree  cutting  maneuvers  to  the  left 
for  five  trials  and  to  the  right  for  five  trials.  A  one -minute  rest  was  given  between  euttings. 

Unloaded  Running:  partieipants  performed  unloaded  running  at  12  km/h  on  a  foree  instrumented 
treadmill  (AMTI,  Watertown,  MA).  The  partieipants  started  out  walking  at  6  km/h  for  2  minutes,  and 
then  inereased  speed  1  km/h  eaeh  minute  until  the  target  speed  of  12  km/h  was  reaehed.  The  partieipants 
maintained  the  speed  for  5  minutes.  Three  10  second  trials  were  eolleeted  for  analysis. 

Foaded  Walking:  partieipants  walked  at  6km/h  on  an  instrumented  treadmill  (AMTI,  Watertown,  MA) 
with  the  following  loads  earned:  0kg,  15kg,  25kg,  and  35kg.  Partieipants  walked  for  5  minutes  during 
eaeh  loaded  walking  eondition.  Three  10  seeond  trials  were  eolleeted  during  each  walking  task.  A  five- 
minute  rest  was  given  between  walking  eonditions. 

CT  Imaging  Protocol 

The  partieipants  visited  Ball  Memorial  Hospital  (Muneie,  IN)  aeoompanied  by  a  member  of  the  research 
team.  During  this  visit  bilateral  tibial  CTs  were  recorded.  This  proeess  took  approximately  one  hour. 
The  CT  imaging  protoeol  was  the  same  as  Phase  1  researeh  and  was  deseribed  in  phase  1  researeh 
protoeol. 

Modeling  Methods 

Tibia  geometries  were  obtained  using  eomputed  tomography  (CT).  A  custom  build  calibration  phantom 
was  used  to  establish  a  relationship  between  the  CT  Hounsfield  units  and  tibial  bone  density.  A 
relationship  between  bone  density  and  Young’s  modulus  was  established  based  on  the  literature  [11]. 
CT  images  were  segmented  and  3D  geometry  files  were  generated  in  MIMICS  14.0  (Materialise, 
Feuven,  Belgium). 
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The  3D  surface  geometries  of  tibias  were  used  in  MARC  2012  (MSC  Software,  Santa  Anna,  CA)  to 
build  hexmesh  finite  element  (FE)  models.  Material  properties  including  bone  density.  Young’s 
modulus,  and  Poisson’s  ratio  were  assigned  to  each  of  the  individual  elements  of  the  tibial  FE  model. 
The  FE  tibia  models  were  then  imported  into  the  subject-specific  musculo-skeletal  models  in  EifeMOD. 

Once  positioned,  spatial  coordinates  of  muscle  model  markers  representing  origins,  insertions,  and  joint 
positions  relative  to  the  tibia  were  incorporated  into  the  FE  tibia.  Boundary  conditions  were  assigned  as 
rotational  and  translational  degrees  of  freedom  of  nodes  representing  ankle  and  knee  joint  centers  and 
flexible  bodies  (modal  neutral  files)  were  generated  in  MARC  2012  for  EifeMOD  simulation. 

A  lower  body  model  was  built  using  participant  sex,  mass,  and  height  as  scaling  inputs  in  the  GeBOD 
database  [9].  Segments,  joint  locations,  and  orientations  were  scaled  using  joint  center  data  from 
VisualSD.  Experimental  kinematic  data  were  used  to  perform  an  inverse  kinematic  analysis.  Results  of 
this  analysis  were  used  to  “train”  the  muscles  of  both  legs,  which  were  used  to  actuate  the  model  in  a 
forward  dynamics  (ED)  analysis.  These  muscles  were  “trained”  by  using  the  kinematics  of  the  inverse 
kinematics  run  as  the  targets  for  the  forces  produced  by  the  actuators.  If  these  targets  were  not  met, 
force  production  would  be  modulated  to  better  produce  the  kinematics.  Flexible  tibias  were  then 
imported  into  EifeMOD.  A  ED  analysis  was  performed  with  the  addition  of  ground  reaction  forces 
applied  to  the  feet  and  motion  capture  kinematics  disabled.  Maximum  principal,  minimum  principal,  and 
maximum  shear  strain  values  were  calculated  using  the  Durability  plug-in  for  ADAMSA^iew  2012  for 
the  surface  nodes  of  the  tibial  shaft  (MSC  Software,  Santa  Ana,  CA). 

Statistical  Analyses 

The  statistical  analyses  for  phase  2  project  were  carried  out  using  two  separate  models.  The  first  of  these 
analyses  focused  on  the  impact  of  increasing  load  carried  and  type  of  athletic  training  on  the  strain 
profiles  across  the  tibia,  while  the  second  part  focused  on  the  magnitude  and  location  of  peak  strain  and 
strain  rates  across  the  tibia  as  a  function  of  type  of  athletic  activity.  Following  is  a  description  of  each 
statistical  analysis  used  in  phase  2  project. 

Tibial  Strain  and  Strain  Rate  by  Loading  Condition  and  Previous  Physical  Activity 

In  order  to  test  the  hypothesis  that  regular  participation  in  basketball  for  a  minimum  of  2  years  results  in 
bone  adaptation  that  lead  to  lower  strains  in  the  tibia  during  loaded  walking  tasks,  the  following 
approach  was  used. 

The  dependent  variables  of  interest  were  peak  strain  and  strain  rate  in  each  third  of  the  tibial  shaft.  The 
independent  variables  were  loading  condition  (walking  with  0,  15,  25,  35  kg  loads),  and  physical 
activity  history  (basketball  or  running).  In  addition,  location  on  the  tibia  (proximal  third,  middle  third,  or 
distal  third)  was  included  in  the  analysis. 

In  order  to  ascertain  the  impact  of  load  and  physical  activity  history  on  peak  strain  and  strain  rate, 
repeated-measures  ANOVAs  were  performed.  There  were  two  within-subject  factors,  load  condition  and 
location  on  the  tibia,  and  one  between-subject  factor,  type  of  previous  physical  activity.  This  analysis 
included  tests  of  the  three  main  effects,  thus  allowing  for  an  assessment  of  whether  there  were 
significant  differences  in  peak  strains  and  strain  rates  across  loadings,  type  of  physical  activity  history 
and  location  on  the  tibia. 
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Peak  Tibial  Strain  and  Strain  Rate  by  Type  of  Athletic  Activity 


In  order  to  test  the  hypothesis  that  high  impact,  irregular  sporting  maneuvers  such  as  cutting  and 
landing,  which  were  consistent  with  those  performed  in  basketball,  produce  different  tibial  strain  and 
strain  rate  patterns  than  those  produced  during  running,  repeated-measures  ANOVA  tests  were 
performed. 

The  dependent  variables  were  peak  strains  and  strain  rates.  The  independent  variables  were  type  of 
athletic  activity,  physical  activity  history,  and  location  on  the  tibia.  The  repeated-measures  ANOVAs 
had  two  within-subject  factors  (type  of  athletic  activity  and  location  on  the  tibia)  and  one  between- 
subject  factor  (previous  physical  activity).  This  ANOVA  test  provided  hypothesis  tests  for  the  equality 
of  mean  values  across  type  of  athletic  activity,  type  of  physical  activity  history  and  location  on  the  tibia 
for  each  dependent  variable. 
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KEY  RESEARCH  ACCOMPLISHMENTS 


•  The  abstract  titled  “An  integrated  modeling  method  for  tibia  strain  analysis  ”  was  presented  at  the 
Northwest  Ameriean  Soeiety  of  Biomeehanies  Symposium  in  May  2010  (Appendix  A) 

•  The  abstraet  titled  “Muscular  fatigue  increases  ground  reaction  loading  rate  during  walking  ”  was 
presented  at  the  57*  Annual  Meeting  of  Ameriean  College  of  Sports  Medieine  in  June  2010.  The 
abstraet  was  published  in  Medicine  &  Science  in  Sports  &  Exercise.  V.  42,  No.  5  Supplement,  SI 92 
(Appendix  B) 

•  The  abstraet  titled  “Load  carriage  increases  mechanical  loading  rates  during  walking"  was 
presented  at  the  34*  Annual  Meeting  of  Ameriean  Soeiety  of  Biomeehanies  in  August  2010 
(Appendix  C) 

•  The  abstraet  titled  “An  integrated  modeling  method  for  bone  strain  analysis  ”  was  presented  at  the 
34*  Annual  Meeting  of  Ameriean  Soeiety  of  Biomeehanies  in  August  2010  (Appendix  D) 

•  The  abstraet  titled  “Effects  of  load  carriage  and  muscular  fatigue  on  ground  reaction  loading  rate 
during  walking"  was  presented  at  the  58*  Annual  Meeting  of  Ameriean  College  of  Sports  Medieine 
in  June  2011.  The  abstraet  was  published  in  Medicine  &  Science  in  Sports  &  Exercise.  V.  43,  No.  5 
Supplement,  S21-22  (Appendix  E) 

•  The  abstraet  titled  “The  effect  of  height  on  tibial  strain  while  performing  drop  landings"  was 
submitted  and  aeeepted  for  presentation  at  the  58*  Annual  Meeting  of  Ameriean  College  of  Sports 
Medieine  in  June  2011.  The  abstraet  was  published  in  Medicine  &  Science  in  Sports  &  Exercise.  V. 
43,  No.  5  Supplement,  S639  (Appendix  F) 

•  The  abstraet  titled  “Influences  of  load  carriage  and  fatigue  on  lower-extremity  kinetics  during 
walking"  was  presented  at  the  35*  Annual  Meeting  of  Ameriean  Soeiety  of  Biomeehanies  in  August 

2011  (Appendix  G) 

•  The  abstraet  titled  “A  time -efficient  method  for  analyzing  bone  strain  with  large  subject  pools"  was 
presented  at  the  35*  Annual  Meeting  of  Ameriean  Soeiety  of  Biomeehanies  in  August  2011 
(Appendix  H) 

•  The  manuseript  titled  “Influence  of  fatigue  and  load  carriage  on  mechanical  loading  during 
walking”  was  published  in  the  Journal  of  Military  Medicine  in  January  2012  (Appendix  I) 

•  The  abstraet  titled  “Influence  of  physical  activity  history  on  ground  reaction  force  during  walking" 
was  presented  at  the  59*  Annual  Meeting  of  Ameriean  College  of  Sports  Medieine  in  May  2012. 
The  abstraet  was  published  in  Medicine  &  Science  in  Sports  &  Exercise.  V.  44,  No.  5  Supplement, 
S282-283  (Appendix  J) 

•  The  abstraet  titled  “The  effects  of  load  carriage  and  fatigue  on  frontal  plane  knee  mechanics  during 
walking"  was  presented  at  the  36*  Annual  Meeting  of  Ameriean  Soeiety  of  Biomeehanies  in  August 

2012  (Appendix  K) 
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•  The  abstract  titled  ''the  influence  of  physical  activity  history  on  ground  reaction  force  during 
running’’’’  was  presented  at  the  60*  Annual  Meeting  of  American  College  of  Sports  Medicine  in  May 
2013.  The  abstract  was  published  in  Medicine  &  Science  in  Sports  &  Exercise.  V.  45,  No.  5 
Supplement,  S502  (Appendix  L) 

•  The  manuscript  titled  "The  effects  of  load  carriage  and  muscle  fatigue  on  lower  extremity  joint 
mechanics’’’’  was  published  in  the  Research  Quarterly  of  Exercise  and  Sport  in  September  2013 
(Appendix  M) 

•  The  abstract  titled  "the  effects  of  the  type  of  activity  on  tibial  strain  characteristics’’’’  was  presented  at 
the  37*  Annual  Meeting  of  American  Society  of  Biomechanics  in  September  2013.  (Appendix  N) 
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REPORTABLE  OUTCOMES  for  THE  PHASE  ONE  PROJECT 


The  following  sections  outline  the  results  from  the  first  phase  of  this  project.  These  data  along  with 
subsequent  analyses  will  form  the  basis  for  forthcoming  presentations  and  manuscripts  documenting  this 
research. 

Participant  Characteristics: 

Twenty  college-age  male  participants  were  recruited  to  participate  in  the  first  phase  of  this  study. 
Technical  difficulties  were  encountered  with  data  from  two  of  the  participants,  whose  data  were 
excluded  from  the  analyses.  Therefore  the  final  data  analysis  was  performed  on  18  participants;  their 
characteristics  are  presented  in  Table  1. 


Table  1.  Subject  demographic  information 


Mean  (SD) 

Age  (yrs) 

20.8  (1.8) 

Height  (cm) 

180.8  (4.5) 

Mass  (kg) 

77.6  (9.6) 

Minimum  Tibia  CSA  (mm^) 

364  (49) 

Leg  Press  IRM  (lbs) 

529  (169) 

VO2  Peak  (mL/kg/min) 

51(5) 

Gait  Kinematics  and  Kinetics; 


Gait  kinematics  and  kinetics  of  the  four  walking  tasks  performed  are  presented  in  table  2  and  table  3. 
Table  2  shows  the  means  and  standard  deviations  (SDs)  of  stride  frequency,  stride  length,  and  double 
support  time.  Table  3  shows  the  means  and  SDs  of  the  peak  vertical  and  braking  ground  reaction  forces 
and  loading  rates  during  weight  acceptance  of  walking.  Two-way  repeated-measures  ANOVAs  were 
used  to  determine  the  effects  of  load  carriage  and  muscle  fatigue  on  the  selected  gait  kinematics  and 
kinetics  variables. 


Table  2.  Means  (SDs)  of  spatio-temporal  parameters  during  walking 


Variables\Conditions 

UU 

UF 

LU 

LF 

Stride  Frequency  (strides/min) 

58.6  (2.7) 

59.7  (4.0) 

60.5  (2.4) 

63.4(5.1) 

Stride  Length  (m) 

1.71  (0.07) 

1.68  (0.11) 

1.66  (0.06) 

1.59(0.12) 

Double  Support  (%  gait  cycle) 

22.1  (1.4) 

23.0(1.5) 

27.9(2.1) 

29.5  (2.9) 

Conditions:  UU  =  unloaded  unfatigued,  UF  =  unloaded  fatigued,  LU  =  loaded  unfatigued,  LF  =  loaded  fatigued. 
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Table  3.  Means  (SDs)  of  the  peak  GRF  and  loading  rates  during  walking 


Variables\Conditions 

UU 

UF 

LU 

LF 

Peak  VGRF  (BW) 

1.27  (0.06) 

1.35  (0.11) 

1.92  (0.18) 

1.99  (0.19) 

Peak  BGRF  (BW) 

0.23  (0.03) 

0.24  (0.03) 

0.35  (0.06) 

0.34  (0.06) 

Peak  VGRLR 
(BW/s) 

16.81  (3.40) 

21.75  (7.92) 

35.29(12.07) 

37.58  (11.92) 

Peak  BGRLR 
(BW/s) 

7.98  (1.61) 

9.78  (2.06) 

14.81  (5.89) 

15.44  (4.36) 

Conditions:  UU  =  unloaded  unfatigued,  UF  =  unloaded  fatigued,  LU  =  loaded  unfatigued,  LF  =  loaded  fatigued. 

VGRF  =  vertical  ground  reaction  force,  BGRF  =  braking  ground  reaction  force,  VGRLR  =  vertical  ground 
reaction  loading  rate,  BGRLR  =  braking  ground  reaction  loading  rate. 

There  was  no  interaetion  between  the  load  carriage  and  fatigued  conditions  for  all  the  gait  kinematics 
and  kinetics  (p  >  0.05).  Load  carriage  had  a  significant  effect  on  gait  spatial-temporal  parameters  (p  < 
0.01)  and  kinetics  (p  <  0.001).  Muscle  fatigue  also  had  a  significant  effect  on  gait  spatial-temporal 
parameters  (p  <  0.001)  and  kinetics  (p  <  0.001). 

Specifically,  load  carriage  led  to  significant  increases  of  stride  frequency  (p  =  0.007)  and  double  support 
time  (p  =  0.004)  and  a  significant  decrease  of  stride  length  (p  =  0.006).  Muscle  fatigue  resulted  in 
significant  increases  of  stride  frequency  (p  =  0.001)  and  double  support  time  (p  <  0.001)  and  a 
significant  decrease  of  stride  length  (p  =  0.001). 

Both  load  carriage  and  muscle  fatigue  resulted  in  alterations  of  ground  reaction  force  variables.  The  load 
carriage  led  to  significant  increases  of  peak  vertical  and  braking  ground  reaction  forces  (p  <  0.001). 
Muscle  fatigue  led  to  a  significant  increase  of  peak  vertical  ground  reaction  force  (p  <  0.001). 
Furthermore,  the  load  carriage  led  to  significant  increases  of  the  peak  vertical  and  braking  ground 
reaction  loading  rates  (p  <  0.001).  With  a  significant  effect  on  peak  vertical  ground  reaction  loading  rate 
(p  =  0.003)  and  a  near  significant  effect  on  peak  braking  ground  reaction  loading  rate  (p  =  0.084),  the 
muscle  fatigue  resulted  in  pronounced  increases  of  ground  reaction  loading  rates. 

Lower-extremity  joint  kinematics  and  kinetics 

Lower-extremity  joint  kinematics  and  kinetics  at  weight  acceptance  of  the  four  walking  tasks  are 
presented  in  Table  4  and  Table  5.  Table  4  shows  the  means  and  SDs  of  the  pelvis,  hip,  knee,  and  ankle 
angles  at  heel  contact  and  stance  of  walking.  Table  5  shows  the  means  and  SDs  of  the  hip,  knee,  and 
ankle  joint  moment  and  power  during  weight  acceptance  of  walking.  Two-way  repeated-measures 
ANOVAs  were  used  to  determine  the  effects  of  load  carriage  and  muscle  fatigue  on  the  selected  joint 
kinematic  and  kinetics  during  walking. 
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Table  4.  Means  (SDs)  of  the  lower-extremity  kinematics  during  walking 


Variables\Couditious 

UU 

UF 

LU 

LF 

Pelvis  tilt  at  heel 
contact  (deg) 

8.8  (5.9) 

11.0  (8.6) 

20.1(5.0) 

22.9  (8.6) 

Hip  flexion  at  heel 
contact  (deg) 

32.1  (4.3) 

28.2(10.4) 

45.4  (5.2) 

40.6(10.9) 

Knee  flexion  at  heel 
contact  (deg) 

-2.5  (3.1) 

-1.1  (4.5) 

3.9  (3.2) 

4.7  (4.9) 

Maximum  knee 
flexion  at  stance  (deg) 

19.0  (2.8) 

20.7  (4.4) 

24.6  (4.5) 

25.0  (5.3) 

Ankle  dorsi-flexion  at 
heel  contact  (deg) 

7.7  (1.9) 

5.3  (4.9) 

7.3  (2.7) 

5.6  (3.6) 

Conditions  UU  =  unloaded  unfatigued,  UF  = 

unloaded  fatigued,  LU  =  loaded  unfatigued,  LF  =  loaded  fatigued. 

Table  5.  Means  (SDs)  of  the  lower-extremity  joint  moments  during  walking 

Variables\Conditions 

UU 

UF 

LU 

LF 

Hip  extensor 
moment  (Nm/kg) 

1.54  (0.41) 

1.85  (0.48) 

2.26  (0.42) 

2.38  (0.42) 

Knee  extensor 
moment  (Nm/kg) 

0.88  (0.20) 

0.90  (0.25) 

1.61  (0.37) 

1.63  (0.42) 

Ankle  dorsi-flexion 
moment  (Nm/kg) 

-0.44  (0.12) 

-0.37(0.10) 

-0.45  (0.11) 

-0.43  (0.11) 

Hip  joint  power 
production  (W/kg) 

1.03  (0.36) 

1.47  (0.49) 

1.69  (0.61) 

1.97  (0.64) 

Knee  joint  power 
absorption  (W/kg) 

-1.34  (0.37) 

-1.39  (0.54) 

-2.65  (1.40) 

-2.76  (1.06) 

Ankle  joint  power 
absorption  (W/kg) 

-1.04  (0.27) 

-0.82  (0.32) 

-1.12(0.30) 

-1.01  (0.35) 

Conditions  UU  =  unloaded  unfatigued,  UF  =  unloaded  fatigued,  LU  =  loaded  unfatigued,  LF  =  loaded  fatigued. 


There  was  no  interaction  between  the  effects  of  load  carriage  and  muscle  fatigue  for  lower-extremity 
joint  kinematics  and  kinetics  (p  >  0.05).  Load  carriage  had  a  significant  effect  on  lower-extremity  joint 
kinematics  and  kinetics  (p  <  0.001).  Muscle  fatigue  had  a  significant  effect  on  lower-extremity  joint 
kinematics  and  kinetics  (p  <  0.05). 

Both  load  carriage  and  muscle  fatigue  led  to  pronounced  alteration  of  lower-extremity  joint  kinematics. 
Load  carriage  resulted  in  significant  increases  of  pelvis  anterior  tilt  (p  <  0.001),  hip  flexion  (p  <  0.001) 
and  knee  flexion  (p  <  0.001)  at  heel  contact,  and  maximum  knee  flexion  (p  <  0.001)  during  stance. 
Muscle  fatigue  led  to  significant  decrease  of  ankle-dorsi  flexion  at  heel  contact  (p  =  0.028). 
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Both  load  carriage  and  muscle  fatigue  led  to  pronounced  alterations  of  lower-extremity  joint  kinetics. 
Load  carriage  led  to  significant  increases  of  hip  and  knee  extensor  moments  (p  <  0.001)  and  a  near 
significant  increase  of  ankle  dorsi-flexor  moment  (p  =  0.08)  during  weight  acceptance.  Also,  greater  hip 
joint  power  production  (p  <  0.001),  and  knee  and  ankle  joint  power  absorption  (p  <  0.001)  were 
observed  at  weight  acceptance  of  loaded  walking.  Muscle  fatigue  led  to  a  significant  increase  of  hip 
extensor  moment  (p  =  0.001)  and  a  significant  decrease  of  ankle  dorsi-flexor  moment  at  weight 
acceptance.  In  addition,  greater  hip  joint  power  production  (p  =  0.001)  and  lesser  ankle  joint  power 
absorption  (p  =  0.007)  at  weight  acceptance  were  observed  during  fatigued  walking. 

Strain  and  Strain  Rate; 


The  peak  strain  and  strain  rates  from  the  bone  shaft  of  the  tibia  during  unloaded  unfatigued  walking  in 
the  present  study  are  presented  along  with  in-vivo  and  simulated  strains  that  have  been  reported  by  other 
researchers  (table  6).  The  strains  and  strain  rates  are  in  reasonable  agreement  with  the  previously 
reported  values.  Differences  in  values  between  the  current  study  and  the  previous  studies  may  be  due  to 
the  locations  on  tibia  where  the  strain  data  were  collected.  Strain  data  reported  in  previous  studies  were 
from  the  antero-medial  aspect  of  the  tibia  shaft  [8,  12-15],  while  the  current  study  uses  average  strains  of 
the  tibia  shaft. 


Table  6.  Tibial  strains  and  strain  rates  reported  in  previous  studies  and  current  study 


Strain  Magnitude  (Microstrain) 

Strain  Rate  (Microstrain/s) 

Max 

Min 

Max  Shear 

Max 

Min 

Max  Shear 

Principal 

Principal 

Principal 

Principal 

Lanyon  et  al.  [12] 

395 

-434 

829 

Not  reported 

-4000 

Not  reported 

Burr  et  al.  [13] 

437 

-544 

871 

11006 

-7183 

16162 

Milgrom  et  al.  [14] 

840 

-454 

1183 

3955 

-3306 

10303 

Milgrom  el  al.  [15] 

394 

-672 

Not  reported 

4683 

-3820 

Not  reported 

Al  Nazer  et  al.[8] 

305 

-645 

948 

4000 

-7000 

10000 

Present  Simulation 
(Bone  Shaft) 

277 

-409 

655 

4072 

-5571 

8986 

A  mixed  model  ANCOVA  was  used  to  determine  if  there  were  any  differences  in  strains  and  strain  rates 
between  conditions.  Significance  was  set  at  a  =  0.05.  Height,  body  mass,  age,  minimum  tibia  cross 
sectional  area  (CSA),  leg  press  IRM,  VO2  peak  were  used  as  covariates. 


19 


Strain 


Table  7.  Means  (SEs)  of  tibial  strains  during  walking 


Variables\Couditious 

UU 

UF 

LU 

LF 

Max  Priucipal  Strain  (|is) 

277.37  (90.81) 

257.26  (90.81) 

626.06  (90.81) 

340.38  (90.81) 

Min  Principal  Strain  (ps) 

-409.26  (222.54) 

-386.94  (222.54) 

-1220.31  (222.54) 

-519.29  (222.54) 

Max  Shear  Strain  (ps) 

654.95  (312.91) 

612.58  (312.91) 

1809.08  (312.91) 

824.48  (312.91) 

Conditions  UU  =  unloaded  unfatigued,  UF  =  unloaded  fatigued,  LU  =  loaded  unfatigued,  LF  =  loaded  fatigued. 


Table  7  shows  the  means  and  standard  errors  (SEs)  of  the  maximum  and  minimum  prineipal  strains  and 
shear  strains  of  the  tibia  for  the  four  walking  eonditions.  Eoad  earriage  had  a  signifieant  effeet  on 
maximum  principal  strain  (p  <  0.0001),  minimum  principal  strain  (p  <  0.0001),  and  maximum  shear 
strain  (p  <  0.0001).  Specifically,  load  carriage  led  to  significant  increases  of  maximum  principal  strain, 
minimum  principal  strain,  and  maximum  shear  strain  during  walking  (p  <  0.0001). 

Muscle  fatigue  had  a  significant  effect  on  maximum  principal  strain  (p  <  0.0001),  minimum  principal 
strain  (p  <  0.0001),  and  maximum  shear  strain  (p  <  0.0001).  Specifically,  muscle  fatigue  led  to 
significant  decreases  of  maximum  principal  strain,  minimum  principal  strain,  and  maximum  shear  strain 
during  walking  (p  <  0.0001). 

None  of  the  participant  characteristics  used  as  covariates  (height,  mass,  age,  leg  press  max,  V02peak,  or 
minimum  tibial  CSA)  were  significantly  related  to  strain  variables  (p  >  0.05). 

Strain  Rate 


Table  8.  Means  (SEs)  of  tibial  strain  rates  during  walking 


Variables\Conditions 

UU 

UF 

LU 

LF 

Max  Principal  Strain  Rate  (ps/s) 

4071.62  (382.14) 

3726.17  (382.14) 

4455.86  (382.14) 

3914.38  (382.14) 

Min  Principal  Strain  Rate  (ps/s) 

-5570.64  (719.70) 

-5208.27  (719.70) 

-7179.86(719.70) 

-5793.44  (719.70) 

Max  Shear  Strain  Rate  (ps/s) 

8985.66  (1057.61) 

8248.04  (1057.61) 

10859  (1057.61) 

8943.08  (1057.61) 

Conditions  UU  =  unloaded  unfatigued,  UF  =  unloaded  fatigued,  LU  =  loaded  unfatigued,  LF  =  loaded  fatigued. 


Table  8  shows  the  means  (SEs)  of  the  maximum  and  minimum  principal  strain  rates  and  shear  strain 
rates  of  the  tibia  for  the  four  walking  conditions.  Eoad  carriage  had  a  significant  effect  on  maximum 
principal  strain  rate  (p  <  0.0001),  minimum  principal  strain  rate  (p  <  0.0001),  and  maximum  shear  strain 
rate  (p  <  0.0001).  Specifically,  load  carriage  led  to  significant  increases  of  maximum  principal  strain 
rate,  minimum  principal  strain  rate,  and  maximum  shear  strain  rate  during  walking  (p  <  0.0001). 
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Muscle  fatigue  had  a  signifieant  effeet  on  maximum  principal  strain  rate  (p  <  0.0001),  minimum 
prineipal  strain  rate  (p  <  0.0001),  and  maximum  shear  strain  rate  (p  <  0.0001).  Speeifieally,  muscle 
fatigue  led  to  significant  decreases  of  maximum  prineipal  strain  rate,  minimum  principal  strain  rate,  and 
maximum  shear  strain  rate  during  walking  (p  <  0.0001). 

None  of  the  partieipant  characteristics  used  as  eovariates  (height,  mass,  age,  leg  press  max,  V02  peak, 
or  minimum  tibial  CSA)  were  significantly  related  to  strain  rates  (p  >  0.05). 

SUMMARY  and  DISCUSSION; 


We  had  hypothesized  that  load  carriage  and  muscle  fatigue  would  alter  basic  gait  spatial -temporal 
parameters  and  kinetics.  Results  from  this  research  support  this  hypothesis.  Speeifieally,  load  carriage 
and  muscle  fatigue  result  in  significant  increases  of  stride  frequency  and  double  support  time  and  a 
significant  decrease  of  stride  length.  Furthermore,  both  load  carriage  and  musele  fatigue  lead  to 
significant  increases  of  the  vertieal  ground  reaetion  foree  and  loading  rate. 

It  was  also  hypothesized  that  load  earriage  and  musele  fatigue  would  alter  lower-extremity  joint 
meehanies.  This  hypothesis  was  supported.  Speeifieally,  load  carriage  leads  to  signifieant  inereases  of 
pelvis  tilt,  hip  and  knee  flexion  at  heel  eontact  and  maximum  knee  flexion  during  stance.  Musele  fatigue 
leads  to  a  significant  decrease  of  ankle  dorsi-fiexion  at  heel  contact.  Furthermore,  load  earriage  leads  to 
signifieant  inereases  of  hip  and  knee  joint  moment  and  hip,  knee,  and  ankle  joint  powers.  Muscle  fatigue 
also  leads  to  significant  increases  of  hip  joint  moment  and  power  and  signifieant  decreases  of  ankle  joint 
moment  and  power. 

Thus,  when  walking  with  load  carried,  lower-extremities  experienee  significant  increases  of  external 
impaet  forces  (ground  reaetion  forees)  and  loading  rates  at  every  foot  strike.  Moreover,  the  pronouneed 
inereases  of  lower-extremity  joint  moments  and  powers  at  weight  acceptance  reflect  large  increases  of 
leg  musele  forees.  Therefore,  lower-extremity  skeletal  struetures  (e.g.  tibias)  are  loaded  with  both 
inereased  ground  impaet  forces  and  increased  leg  muscles  forces  at  stance  of  walking.  In  addition,  the 
increased  stride  frequency  and  double  support  time  assoeiated  with  load  earriage  lead  to  increases  of 
number  of  loading  eyele  and  loading  duration  during  walking. 

Similarly,  when  walking  in  a  fatigued  state,  lower-extremities  experience  significant  increases  of 
external  impact  force  (vertieal  ground  reaetion  force)  and  loading  rate  at  eaeh  foot  strike.  The  large 
inereases  of  hip  joint  moment  and  power  reflect  increased  effort  of  hip  extensors  to  stabilize  the  pelvis. 
The  signifieant  deereases  of  ankle  joint  moment  and  power  indicate  reduced  ability  of  the  ankle  dorsi- 
fiexor  to  control  the  ankle  joint  at  weight  aeeeptance.  Thus,  lower  legs  experience  inereased  ground 
impaet  foree  and  loading  rate  and  altered  leg  muscle  loads  at  stance  in  a  fatigued  state.  In  addition,  the 
increased  stride  frequency  and  double  support  time  assoeiated  with  muscle  fatigue  expose  the  lower- 
extremities  to  increased  number  of  loading  cycle  and  loading  duration. 

The  combined  effeet  of  musele  fatigue  and  load  earriage  further  exposes  the  lower-extremity  skeletal 
structures  to  signifieant  inereases  of  external  impact  loading  and  loading  rate  and  pronounced  alterations 
of  leg  muscle  loads.  This  pronounced  alteration  in  mechanieal  loading  pattern  is  eoupled  with  inereased 
number  of  loading  cycle  and  loading  duration  during  walking. 
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Furthermore,  it  was  hypothesized  that  the  changes  in  gait  mechanics  due  to  load  carriage  would  result  in 
increases  in  strains  and  strain  rates  in  the  tibia.  Results  from  this  study  support  this  hypothesis.  We 
found  that  the  load  carriage  results  in  larger  tibial  strains  and  strain  rates  than  walking  with  no  loads. 
Repetitive  high  bone  strains  and  strain  rates  were  considered  to  be  the  etiology  of  stress  fracture  [13, 
16].  Thus,  results  from  this  study  provide  evidence  that  load  carriage  could  increase  the  risk  of 
developing  tibial  stress  fracture. 

We  also  hypothesized  that  the  muscle  fatigue  would  result  in  increases  in  strains  and  strain  rates  in  the 
tibia.  This  hypothesis  was  not  supported.  We  found  the  muscle  fatigue  led  to  pronounced  reductions  in 
tibial  strains  and  strain  rates  during  walking.  Results  from  this  study  were  different  from  a  previous  in 
vivo  study  performed  by  Milgrom  et  al  [15],  which  reported  that  fatigue  resulted  in  pronounced 
increases  of  tensile  strain,  tensile  and  compressive  strain  rates  during  walking.  However,  the 
compressive  strain  was  found  to  be  significantly  reduced  during  fatigued  walk  [15].  The  discrepancies 
between  the  current  study  and  Milgrom’s  study  may  be  due  to  the  following  factors.  Firstly,  in 
Milgrom’ s  study,  the  vertical  ground  reaction  force  (GRF)  was  found  to  be  lower  during  fatigued  walk 
than  during  normal  walk.  However,  the  current  study  found  that  the  muscle  fatigue  leads  to  a  significant 
increase  in  the  vertical  GRF.  Secondly,  in  Milgrom’s  study,  the  walking  speed  was  not  controlled  and 
not  reported  for  the  pre  and  post  fatigue  tests.  In  the  current  study,  the  walking  speed  was  controlled  at 
1.67m/s  for  all  the  walking  conditions.  Thirdly,  Milgorm’s  study  did  not  present  gait  kinematic  data.  It  is 
not  known  whether  subjects  participated  in  Milgrom’s  study  walked  differently  from  subjects  recruited 
in  this  study.  Thus,  the  possible  differences  in  gait  kinematics  and  ground  reaction  forces  observed  in  the 
current  study  and  Milgrom’s  study  may  contribute  to  the  different  findings  in  strains  and  strain  rates. 

In  conclusion,  load  carriage  and  muscle  fatigue  result  in  alterations  in  gait  mechanics  signified  by 
increases  in  stride  frequency,  double  support  time,  vertical  ground  reaction  force  and  loading  rate.  Load 
carriage  leads  to  pronounced  increases  in  tibial  strains  and  strain  rates.  Muscle  fatigue  leads  to 
pronounced  decreases  in  tibial  strains  and  strain  rates. 
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REPORTABLE  OUTCOMES  for  THE  PHASE  TWO  PROJECT 


The  following  sections  outline  the  results  from  the  second  phase  of  this  project.  These  data  along  with 
subsequent  analyses  will  form  the  basis  for  forthcoming  presentations  and  manuscripts  documenting  this 
research. 

Participant  Characteristics: 

Forty  college-age  male  participants  were  recruited  in  this  study.  Participants  were  divided  into  two 
experimental  groups  (runners  and  basketball  players).  The  runner  group  consisted  of  twenty  recreational 
runners  with  a  minimum  of  two  years  of  regular  running  experience.  The  basketball  group  consisted  of 
twenty  recreational  basketball  players  with  a  minimum  of  two  years  of  regular  basketball  playing 
experience.  Participants’  characteristics  are  presented  in  Table  9. 


Table  9.  Subject  demographic  information 


Runners 

Basketball  Players 

Age  (yrs) 

20.7(2.4) 

20.6(1.7) 

Height  (cm) 

180.1(6.3) 

180.8(8.3) 

Mass  (kg) 

75.7(9.6) 

80.1(11.5) 

Minimum  Tibia  CSA  (mm^) 

352(49) 

369(49) 

Leg  Press  IRM  (lbs) 

492(62) 

550(127) 

VO2  Peak  (mL/kg/min) 

58(7) 

50(5) 

Mean  (+/-  standard  deviation)  for  basic  participant  demographics  and  results  from  fitness 
assessments. 


Kinematics  and  Kinetics  of  Loaded  Walking  Tasks; 

Selected  gait  spatio-temporal  parameters  and  kinetics  of  the  four  loaded  walking  tasks  are  presented  in 
table  10,  which  shows  the  means  and  SDs  of  stride  frequency,  stride  length,  peak  vertical  ground 
reaction  force  and  loading  rate.  Two-way  repeated-measures  ANOVAs  were  used  to  determine  the 
effects  of  physical  activity  history  and  levels  of  loaded  walking  on  the  selected  gait  kinematics  and 
kinetics  variables. 
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Table  10.  Means  (SDs)  of  spatio-temporal  parameters  during  loaded  walking 


Variables\Conditions 

WKOO 

WK15 

WK25 

WK35 

Runners 

Stride  length  (m) 

1.70  (0.06) 

1.69  (0.06) 

1.67  (0.07) 

1.63  (0.08) 

Stride  frequency  (strides/min) 

59(2) 

59  (2) 

60  (2) 

62  (3) 

Peak  VGRF  (BW) 

1.29  (0.07) 

1.58  (0.10) 

1.78  (0.15) 

2.01  (0.19) 

Peak  VGRLR  (BW/s) 

18.19(3.73) 

21.45  (4.64) 

26.53  (7.73) 

32.30  (8.24) 

Basketball  Plavers 

Stride  length  (m) 

1.69  (0.08) 

1.68  (0.08) 

1.66  (0.09) 

1.62  (0.08) 

Stride  frequency  (strides/min) 

59(3) 

60  (3) 

61(3) 

62  (3) 

Peak  VGRF  (BW) 

1.30  (0.05) 

1.57(0.12) 

1.76  (0.28) 

1.97  (0.20) 

Peak  VGRLR  (BW/s) 

17.65  (3.80) 

22.51  (5.44) 

27.48  (9.07) 

31.56(7.18) 

Conditions:  WKOO  =  unloaded  walking,  WK15  =  15kg  loaded  walking,  WK25  =  25kg  loaded  walking,  WK35  =  35kg  loaded 
walking.  VGRF  =  vertical  ground  reaction  force.  VGRLR  =  vertical  ground  reaction  loading  rate. 

No  interaetion  was  found  between  the  effects  of  the  subject  group  and  incremented  load  carriage  for  the 
selected  gait  spatio-temporal  parameters  and  kinetics  (p  >  0.05).  In  addition,  there  were  no  significant 
differences  in  gait  spatio-temporal  parameters  and  kinetics  between  the  runners  and  basketball  players 
tested  (p  >  0.05).  However,  the  incremented  load  carriage  had  a  significant  effect  on  gait  spatial- 
temporal  parameters  and  kinetics  (p  <  0.001). 

The  incremented  load  carriage  led  to  a  significant  increase  of  stride  frequency  (p  <  0.001)  and  a 
significant  decrease  of  stride  length  (p  <  0.001).  Specifically,  carrying  35kg  load  resulted  in  shorter 
stride  length  and  faster  stride  rate  than  carrying  15kg  load  and  no  load  conditions  (p  <  0.001). 
Furthermore,  the  increasing  load  carried  resulted  in  significant  increases  of  peak  vertical  ground  reaction 
force  (p  <  0.001)  and  peak  vertical  ground  reaction  loading  rate  (p  <  0.001).  As  the  amount  of  load 
carried  was  increased  from  0kg  to  35kg,  there  were  linear  increases  of  the  peak  vertical  ground  reaction 
force  and  peak  vertical  ground  reaction  loading  rate. 

Kinematics  and  Kinetics  of  Running  Task; 

Selected  spatio-temporal  parameters  and  ground  reaction  force  variables  during  running  are  presented  in 
Table  11.  One-way  ANOVAs  were  performed  to  determine  the  differences  in  these  variables  between 
the  two  groups. 
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Table  11.  Means  (SDs)  spatio-temporal  parameters  and  ground  reaetion  forces  during  running 


Variables\Conditions 

Runners 

Ball  Players 

Stride  length  (m) 

2.45  (0.10) 

2.46  (0.10) 

Stride  frequency  (strides/min) 

82  (3) 

82  (3) 

Impact  peak  VGRF  (BW) 

1.65  (0.05)* 

1.81  (0.05)* 

Active  peak  VGRF  (BW) 

2.43  (0.20)* 

2.57(0.16)* 

Peak  VGRLR  (BW/s) 

81.62(22.11)* 

95.91(16.12)* 

Note:  *  indicates  a  significant  difference  (P  <  0.05). 

VGRF  =  vertical  ground  reaction  force.  VGRLR  =  vertical  ground  reaction  loading  rate. 

Both  groups  exhibited  similar  stride  length  (p  =  0.859)  and  stride  frequency  (p  =  0.744)  during  running. 
However,  the  runner  group  showed  lower  ground  reaction  force  variables  than  those  of  the  basketball 
group.  Specifically,  the  runner  group  demonstrated  less  impact  peak  VGRF  (p  =  0.045),  active  peak 
VGRF  (p  =  0.025),  and  VGRF  loading  rate  (p  =  0.025)  than  those  of  the  basketball  group. 

Peak  Strain  and  Strain  Rate  during  Loaded  Walking  Tasks 

Strain  during  walking  with  load  carriages 

The  following  dependent  variables  were  examined:  peak  tensile  strain  (peak  maximal  principle  strain), 
peak  compressive  strain  (peak  minimal  principle  strain),  and  peak  shear  strain  (peak  maximal  shear 
strain)  during  the  stance  of  walking.  For  each  of  the  dependent  variables,  a  2x3x4  repeated-measures 
ANOVA  test  was  run  with  the  subject  group  (two  levels:  runners  and  ball  players),  tibial  section  (three 
levels:  proximal  third,  middle  third,  and  distal  third),  and  incremented  load  carriage  (four  levels:  0kg, 
15kg,  25kg,  and  35kg)  serving  as  independent  factors.  For  all  the  dependent  variables  examined, 
significant  interactions  were  found  between  the  subject  group  and  incremented  load  carriage  (p  = 
0.0001)  and  between  the  tibial  section  and  incremented  load  carriage  (p  =  0.0001).  Therefore,  separate 
ANOVA  tests  were  run  to  determine  the  simple  effects  from  the  physical  activity  history,  tibial  section, 
and  incremented  load  carriage  on  tibial  strain  variables. 
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Table  12;  Means  (SEs)  of  tibial  bone  strain  during  loaded  walking  tasks 


Variables\Conditions 

WKOO 

WK15 

WK25 

WK35 

Runners 

Compressive  strain  (ps) 

658.11  (1.61) 

840.41  (1.96)* 

924.49  (2.23)* 

1011.15  (2.71)* 

Tensile  strain  (ps) 

458.33  (1.45) 

562.11  (1.81)* 

669.82  (2.05)* 

733.40  (2.52)* 

Shear  strain  (ps) 

1003.29  (2.02) 

1229.74  (2.40)* 

1444.68  (2.72)* 

1586.67  (3.48)* 

Basketball  Plavers 

Compressive  strain  (ps) 

634.30  (1.56) 

746.87  (1.90)* 

842.18  (2.16)* 

958.24  (2.63)* 

Tensile  strain  (ps) 

440.04  (1.41) 

518.86  (1.75)* 

597.63  (1.99)* 

700.15  (2.47)* 

Shear  strain  (ps) 

972.28  (1.96) 

1155.32  (2.32)* 

1309.96  (2.64)* 

1519.01  (3.37)* 

Note:  data  were  extracted  from  the  middle  third  of  the  tibia  shaft.  WKOO,  WK15,  WK25  and  WK35  represent  walking  tasks 
with  a  load  carriage  of  0kg,  15kg,  25kg,  and  35kg,  respectively.  *  indicates  a  significant  difference  (p  =  0.0001)  from  the 
previous  level  of  the  loaded  walking  condition. 

One  way  repeated-measures  ANOVAs  with  the  incremented  load  carriage  being  the  independent  factor 
were  run  for  the  runner  group  and  the  ball  player  group,  respectively.  For  both  of  the  groups,  significant 
differences  in  compressive  strain  (p=0.0001),  tensile  strain  (p=0.0001),  and  shear  strain  (p=0.0001)  were 
found  among  loaded  walking  tasks  for  each  of  the  three  tibial  sections.  Specifically,  a  dose-response 
relationship  between  the  incremented  load  carriage  and  tibial  strain  exists.  As  the  load  carriage  increased 
in  consistent  increments,  tibial  compressive,  tensile,  and  shear  strains  increase.  Table  12  presents  the 
means  (SEs)  of  the  compressive,  tensile,  and  shear  strains  from  the  middle  third  of  the  tibia  during 
walking  with  incremented  load  carriages. 


Figure  2:  Compressive  strain  of  the  middle  third  of  the  tibia  during  loaded  walking  tasks.  The  runner 
group  (blue)  and  the  ball  player  group  (red)  were  compared. 
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Figure  3:  Tensile  strains  of  the  middle  third  of  the  tibia  during  loaded  walking  tasks.  The  runner  group 
(blue)  and  the  ball  player  group  (red)  were  compared. 


Figure  4:  Shear  strain  of  the  middle  third  of  the  tibia  during  loaded  walking  tasks.  The  runner  group 
(blue)  and  the  ball  player  group  (red)  were  compared. 

One  way  ANOVA  tests  with  the  subjeet  group  being  the  independent  faetor  were  run  for  eaeh  of  the 
loaded  walking  tasks  and  for  each  of  the  tibial  sections.  Significant  differences  in  compressive  strain 
(p=0.0001),  tensile  strain  (p=0.0001),  and  shear  strain  (p=0.0001)  were  found  between  the  runner  group 
and  the  ball  player  group.  For  all  the  loaded  walking  tasks  from  the  15kg  load  carriage  to  35kg  load 
carriage,  the  runner  group  consistently  exhibited  greater  compressive,  tensile,  and  shear  strains  than  the 
ball  player  group  (p=0.0001).  The  figures  2,  3,  and  4  illustrate  the  group  differences  in  compressive 
strain,  tensile  strain,  and  shear  strain  during  loaded  walking  tasks,  respectively. 
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Figure  5:  Compressive  strain  of  the  proximal,  middle,  and  distal  thirds  of  the  tibia  during  walking  with 
incremented  loads. 


Figure  6:  Tensile  strain  of  the  proximal,  middle,  and  distal  thirds  of  the  tibia  during  walking  with 
incremented  loads. 
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Figure  7:  Shear  strain  of  the  proximal,  middle,  and  distal  thirds  of  the  tibia  during  walking  with 
incremented  loads. 

One  way  ANOVA  tests  with  the  tibial  seetion  being  the  independent  faetor  were  run  for  each  of  the 
groups  and  for  each  of  the  loaded  walking  tasks.  Significant  differences  in  tibial  compressive  strain 
(p=0.0001),  tensile  strain  (p=0.0001),  and  shear  strain  (p=0.0001)  were  found  among  the  three  tibia 
sections.  Specifically,  for  both  groups,  the  distal  third  of  the  tibia  exhibited  greater  compressive  strain 
than  both  of  the  middle  and  proximal  thirds  of  the  tibia  (p=0.0001);  the  middle  third  of  the  tibia 
exhibited  greater  tensile  strain  than  both  of  the  distal  and  proximal  thirds  of  the  tibia  (p=0.0001). 
Furthermore,  the  ball  player  group  consistently  experienced  greater  shear  strain  in  the  distal  third  of  the 
tibia  than  in  the  proximal  third  of  the  tibia  (during  all  the  loaded  walking  tasks,  p=0.0001)  and  in  the 
middle  third  of  the  tibia  (during  all  the  loaded  walking  tasks  (p=0.0001)  except  the  35kg  condition 
(p=0.616)).  The  runner  group  demonstrated  greater  shear  strain  in  the  distal  third  of  the  tibia  than  the 
other  two  tibial  sections  during  0kg  and  15kg  load  carriages  (p=0.0001).  During  25kg  load  carriage,  the 
runner  group  experienced  similar  shear  strain  in  the  middle  and  distal  thirds  of  the  tibia  (p=0.602). 
During  35kg  load  carriage,  the  runner  group  experienced  greater  shear  strain  in  the  middle  third  of  the 
tibia  than  the  other  two  tibial  sections  (p=0.0001).  Finally,  for  both  groups,  the  proximal  third  of  the 
tibia  always  experienced  the  least  amount  of  shear  strain  within  the  three  tibial  sections  during  loaded 
walking  (p=0.0001).  Figures  5,  6,  7  illustrate  the  profdes  of  the  compressive  strain,  tensile  strain,  and 
shear  strain  of  the  three  tibial  sections  during  various  loaded  walking  tasks,  respectively. 

Strain  during  high-impact  activities 

The  following  dependent  variables  were  examined:  peak  tensile  strain,  peak  compressive  strain,  and 
peak  shear  strain  during  the  stance  of  high-impact  activities.  For  each  of  the  dependent  variables,  a 
2x3x3  repeated-measure  ANOVA  test  was  run  with  the  subject  group  (two  levels:  runners  and  ball 
players),  tibial  section  (three  levels:  distal,  middle,  and  proximal  thirds  of  the  tibial  shaft),  and  type  of 
activity  (three  levels:  drop-jumping,  running,  and  cutting  maneuver)  serving  as  independent  factors.  For 
all  the  dependent  variables  examined,  significant  interactions  were  found  between  the  subject  group  and 
type  of  activity  (p  =  0.0001)  and  between  the  tibial  section  and  type  of  activity  (p=0.0001).  Therefore, 
separate  ANOVA  tests  were  run  to  determine  the  simple  effects  from  the  physical  activity  history,  tibial 
section,  and  high-impact  activity  on  tibial  strain  variables. 
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Table  13:  Means  and  SEs  of  the  tibial  bone  strain  during  high-impact  activities 


Variables\Conditions 

Running 

Jumping 

Cutting 

Runners 

Compressive  strain  (ps) 

970.08  (3.56)*  $ 

1201.59  (5.27)*# 

1655.07  (4.37)$# 

Tensile  strain  (ps) 

766.23  (2.49)*  $ 

1058.38  (3.74)*# 

1341.02  (3.34)$# 

Shear  strain  (ps) 

1627.89  (3.93)*$ 

2233.05  (5.64)*  # 

2906.62  (5.48)$  # 

Basketball  Players 

Compressive  strain  (ps) 

978.96  (3.83)*  $ 

1316.65  (5.95)*# 

1687.21  (4.85)$# 

Tensile  strain  (ps) 

736.63  (2.34)*  $ 

1143.48  (4.06)*# 

1351.49  (3.33)$# 

Shear  strain  (ps) 

1628.26  (4.34)*  $ 

2434.92  (6.54)*  # 

2971.46  (6.04)$# 

Note:  data  were  extracted  from  the  middle  third  of  the  tibia  shaft.  *  indicates  a  significant  difference  (p  =  0.0001)  between 
running  and  jumping  activities;  $  indicates  a  significant  difference  (p  =0.0001)  between  running  and  cutting  activities;  # 
indicates  a  significant  difference  (p  =  0.0001)  between  jumping  and  cutting  activities. 

One  way  repeated-measures  ANOVA  tests  with  the  high-impact  activity  being  the  independent  factor 
were  run  for  each  of  the  group  and  for  each  of  the  tibial  sections.  Significant  differences  in  compressive 
strain  (p=0.0001),  tensile  strain  (p=0.0001),  and  shear  strain  (p=0.0001)  were  found  between  the  three 
activities.  For  both  of  the  subject  groups,  the  cutting  maneuver  elicited  the  largest  compressive  strain 
(p=0.0001),  tensile  strain  (p=0.0001),  and  shear  strain  (p=0.0001)  among  the  three  activities  across  the 
three  tibial  sections.  The  jumping  activity  produced  greater  tensile  strain  (p=0.0001)  than  the  running 
activity  for  all  the  tibial  sections.  Also,  the  jumping  activity  produced  greater  compressive  strain 
(p=0.0001)  and  shear  strain  (p=0.0001)  at  the  middle  and  proximal  thirds  of  the  tibia  than  the  running 
activity.  The  running  activity  only  exhibited  greater  compressive  train  (p=0.0001)  and  shear  strain 
(p=0.0001)  than  the  jumping  activity  at  the  distal  third  of  the  tibia  shaft.  Table  13  presents  the  tibial 
strains  at  the  middle  third  of  the  tibial  shaft  during  the  three  high-impact  activities. 

Strain  Rate  during  walking  with  load  carriages: 

The  following  dependent  variables  were  examined:  peak  tensile  strain  rate  (peak  maximal  principle 
strain  rate),  peak  compressive  strain  rate  (peak  minimal  principle  strain  rate),  and  peak  shear  strain  rate 
(peak  maximal  shear  strain  rate)  during  the  stance  of  walking.  For  each  of  the  dependent  variables,  a 
2x3x4  repeated-measure  ANOVA  test  was  run  with  the  subject  group  (two  levels:  runners  and  ball 
players),  tibial  section  (three  levels:  proximal  third,  middle  third,  and  distal  third),  and  incremented  load 
carriage  (four  levels:  0kg,  15kg,  25kg,  and  35kg)  serving  as  independent  factors.  For  all  the  dependent 
variables  examined,  significant  interactions  were  found  between  the  subject  group  and  incremented  load 
carriage  (p  =  0.0001)  and  between  the  tibial  section  and  incremented  load  carriage  (p  =  0.0001). 
Therefore,  separate  ANOVA  tests  were  run  to  determine  the  simple  effects  from  the  physical  activity 
history,  tibial  section,  and  incremented  load  carriage  on  tibial  strain  rate  variables. 
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Table  14:  Means  (SEs)  of  tibial  bone  strain  rate  during  loaded  walking  tasks 


Variables\Conditions 

WKOO 

WK15 

WK25 

WK35 

Runners 

Compressive  strain  rate  (ps/s) 

7955.99  (24.08) 

9477.93  (27.04)* 

11562.32  (33.26)* 

11583.09  (37.50) 

Tensile  strain  rate  (ps/s) 

6647.40  (20.07) 

7901.71  (23.27)* 

9551.94  (28.28)* 

9617.21  (33.14)$ 

Shear  strain  rate  (ps/s) 

6668.60  (13.30) 

7828.50  (15.27)* 

9594.68  (20.05)* 

9662.64  (24.26)$ 

Basketball  Plavers 

Compressive  strain  rate  (ps/s) 

7882.92  (23.34) 

9034.16  (26.22)* 

10293.25  (32.23)* 

11661.34  (36.36)* 

Tensile  strain  rate  (ps/s) 

6557.76  (19.46) 

7432.32  (22.57)* 

8632.39  (27.42)* 

10012.88  (32.13)* 

Shear  strain  rate  (ps/s) 

6540.35  (12.90) 

7488.80  (14.80)* 

8609.44  (19.44)* 

9976.34  (23.53)* 

Note:  data  were  extracted  from  the  middle  third  of  the  tibia  shaft.  WKOO,  WK15,  WK25  and  WK35  represent  walking  tasks 
with  a  load  carriage  of  0kg,  15kg,  25kg,  and  35kg,  respectively.  Significant  differences  between  the  current  load  carriage 
condition  and  previous  load  carriage  condition  were  indicated  (*  indicates  p=  0.0001;  $  indicates  p<0.05). 

One  way  repeated-measures  ANOVAs  with  the  ineremented  load  earriage  being  the  independent  factor 
were  run  for  the  runner  group  and  the  ball  player  group,  respectively.  For  both  of  the  groups,  significant 
differences  in  compressive  strain  rate  (p=0.0001),  tensile  strain  rate  (p=0.0001),  and  shear  strain  rate 
(p=0.0001)  were  found  among  loaded  walking  tasks  for  each  of  the  three  tibial  sections.  Table  14 
presents  the  means  (SEs)  of  the  compressive,  tensile,  and  shear  strains  rate  from  the  middle  third  of  the 
tibia  during  walking  with  incremented  load  carriages. 

Compressive  strain  rate  was  evaluated  for  both  of  the  subject  groups  and  for  each  of  the  tibial  sections. 
For  the  runner  group,  the  distal  third  of  the  tibia  exhibited  pronounced  increases  of  the  compressive 
strain  rate  as  the  load  carriage  increased  from  0kg  to  15kg  (p=0.0001),  from  15kg  to  25kg  (p=0.0001), 
and  from  25kg  to  35kg  (p=0.06);  the  middle  third  of  the  tibia  exhibited  significant  increases  of  the 
compressive  strain  rate  as  the  load  carriage  increased  from  0kg  to  15kg  (p=0.0001)  and  from  15kg  to 
25kg  (p=0.0001);  meanwhile,  the  proximal  third  of  the  tibia  exhibited  significant  increases  in  the 
compressive  strain  rate  as  the  load  carriage  increased  from  0kg  to  15kg  (p=0.0001),  from  15kg  to  25kg 
(p=0.0001)  and  from  25kg  to  35kg  (p=0.0001).  For  the  ball  player  group,  all  the  three  tibial  sections 
exhibited  significant  increases  of  compressive  strain  rate  as  the  load  carriage  increased  from  0kg  to  15kg 
(p=0.0001),  from  15kg  to  25kg  (p=0.0001),  and  from  25kg  to  35kg  (p=0.0001). 

Tensile  strain  rate  was  evaluated  for  both  of  the  subject  groups  and  for  each  of  the  tibial  sections.  For  the 
runner  group,  the  distal  third  of  the  tibia  exhibited  significant  increases  of  the  tensile  strain  rate  as  the 
load  carriage  increased  from  0kg  to  15kg  (p=0.0001)  and  from  15kg  to  25kg  (p=0.0001);  the  middle 
third  of  the  tibia  exhibited  significant  increases  of  the  tensile  strain  rate  as  the  load  carriage  increased 
from  0kg  to  15kg  (p=0.0001),  from  15kg  to  25kg  (p=0.0001),  and  from  25kg  to  35kg  (p=0.033);  the 
proximal  third  of  the  tibia  also  exhibited  significant  increases  of  the  tensile  strain  rate  when  the  load 
carriage  increased  from  0kg  to  15kg  (p=0.0001),  from  15kg  to  25kg  (p=0.0001),  and  from  25kg  to  35kg 
(p=0.0001).  For  the  ball  player  group,  all  the  three  tibial  sections  exhibited  significant  increases  of  the 
tensile  strain  rate  as  the  load  carriage  increased  from  0kg  to  15kg  (p=0.0001),  from  15kg  to  25kg 
(p=0.0001),  and  from  25kg  to  35kg  (p=0.0001). 
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Shear  strain  rate  was  evaluated  for  both  of  the  subjeet  groups  and  for  each  of  the  tibial  sections.  For  the 
runner  group,  the  distal  third  of  the  tibia  exhibited  significant  increases  of  the  shear  strain  rate  as  the 
load  carriage  increased  from  0kg  to  15kg  (p=0.0001)  and  from  15kg  to  25kg  (p=0.0001);  the  middle 
third  of  the  tibia  demonstrated  significant  increases  of  the  shear  strain  rate  as  the  load  carriage  increased 
from  0kg  to  15kg  (p=0.0001),  from  15kg  to  25kg  (p=0.0001),  and  from  25kg  to  35kg  (p=0.01); 
meanwhile,  the  proximal  third  of  the  tibia  demonstrated  significant  increases  of  the  shear  strain  rate  as 
the  load  carriage  increased  from  0kg  to  15kg  (p=0.0001),  from  15kg  to  25kg  (p=0.0001),  and  from  25kg 
to  35kg  (p=0.0001).  For  the  ball  player  group,  all  the  three  tibial  sections  exhibited  significant  increases 
of  the  shear  strain  rate  as  the  load  carriage  increased  from  0kg  to  15kg  (p=0.0001),  from  15kg  to  25kg 
(p=0.0001),  and  from  25kg  to  35kg  (p=0.0001). 
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Figure  8:  Compressive  strain  rate  of  the  middle  third  of  the  tibia  during  loaded  walking  tasks.  The 
runner  group  (blue)  and  the  ball  player  group  (red)  were  compared. 


a; 

4-> 

(D 

CC 

_c 

'ro 


'!7! 

c 

.0^ 


15kg  25kg  35kg 


Loaded  Walking  Conditions 


Figure  9:  Tensile  strain  rate  of  the  middle  third  of  the  tibia  during  loaded  walking  tasks.  The  runner 
group  (blue)  and  the  ball  player  group  (red)  were  compared. 


32 


Figure  10:  Shear  strain  rate  of  the  middle  third  of  the  tibia  during  loaded  walking  tasks.  The  runner 
group  (blue)  and  the  ball  player  group  (red)  were  compared. 

One  way  ANOVA  tests  with  the  subjeet  group  being  the  independent  faetor  were  run  for  eaeh  of  the 
loaded  walking  tasks  and  for  eaeh  of  the  tibial  seetions.  Signifieant  differenees  in  eompressive  strain  rate 
(p=0.0001),  tensile  strain  rate  (p=0.0001),  and  shear  strain  rate  (p=0.0001)  were  found  between  the 
runner  group  and  the  ball  player  group.  Figures  8,  9,  and  10  illustrate  the  group  differenees  in 
compressive  strain  rate,  tensile  strain  rate,  and  shear  strain  rate  during  loaded  walking  tasks, 
respectively. 

The  compressive  strain  rate  was  evaluated  for  each  of  the  loaded  walking  tasks  and  for  each  of  the  tibial 
sections.  During  the  15kg  and  25kg  load  carriages,  the  runner  group  demonstrated  greater  strain  rate 
than  the  ball  player  group  (p=0.0001)  across  all  tibial  sections.  During  the  35kg  load  carriage,  compared 
to  the  ball  player  group,  the  runner  group  exhibited  less  strain  rate  (p=0.005)  at  the  distal  third  of  the 
tibia,  more  strain  rate  (p=0.0001)  at  the  proximal  third  of  the  tibia,  and  no  difference  (p=0.134)  in  strain 
rate  at  the  middle  third  of  the  tibia. 

The  tensile  strain  rate  was  evaluated  for  each  of  the  loaded  walking  tasks  and  for  each  of  the  tibial 
sections.  During  the  15kg  and  25kg  load  carriages,  the  runner  group  demonstrated  greater  strain  rate 
than  the  ball  player  group  (p=0.0001)  across  all  tibial  sections.  During  the  35kg  load  carriage,  compared 
to  the  ball  player  group,  the  runner  group  exhibited  less  tensile  strain  rate  (p=0.0001)  at  the  distal  third 
and  middle  third  of  the  tibia  and  more  strain  rate  (p=0.0001)  at  the  proximal  third  of  the  tibia. 

The  shear  strain  rate  was  evaluated  for  each  of  the  loaded  walking  tasks  and  for  each  of  the  tibial 
sections.  During  the  15kg  and  25kg  load  carriages,  the  runner  group  demonstrated  greater  strain  rate 
than  the  ball  player  group  (p=0.0001)  across  all  tibial  sections.  During  the  35kg  load  carriage,  compared 
to  the  ball  player  group,  the  runner  group  exhibited  less  shear  strain  rate  (p=0.0001)  at  the  distal  third 
and  middle  third  of  the  tibia  and  more  strain  rate  (p=0.0001)  at  the  proximal  third  of  the  tibia. 
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Figure  1 1 :  Compressive  strain  rate  of  the  proximal,  middle,  and  distal  thirds  of  the  tibia  during  walking 
with  incremented  loads. 


Figure  12:  Tensile  strain  rate  of  the  proximal,  middle,  and  distal  thirds  of  the  tibia  during  walking  with 
incremented  loads. 
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Figure  13:  Compressive  strain  rate  of  the  proximal,  middle,  and  distal  thirds  of  the  tibia  during  walking 
with  incremented  loads. 

One  way  ANOVA  tests  with  the  tibial  seetion  being  the  independent  faetor  were  run  for  each  of  the 
groups  and  for  each  of  the  loaded  walking  tasks.  Significant  differences  in  tibial  compressive  strain  rate 
(p=0.0001),  tensile  strain  rate  (p=0.0001),  and  shear  strain  rate  (p=0.0001)  were  found  among  the  three 
tibia  sections.  Specifically,  for  both  groups,  the  middle  third  of  the  tibia  exhibited  the  greatest 
compressive  strain  rate  (p=0.0001),  tensile  strain  rate  (p=0.0001),  and  shear  strain  rate  (p=0.0001) 
among  the  three  tibial  sections  across  all  load  carriages.  In  addition,  the  proximal  third  of  the  tibia 
exhibited  the  least  amount  of  strain  rates  in  compression  (p=0.0001),  tension  (p=0.0001),  and  shear 
(p=0.0001)  among  the  three  tibial  sections  across  all  load  carriages.  Figures  11,  12,  13  illustrate  the 
profiles  of  the  compressive  strain  rate,  tensile  strain  rate,  and  shear  strain  rate  of  the  three  tibial  sections 
during  various  loaded  walking  tasks,  respectively. 

Strain  rate  during  high-impact  activities 

The  following  dependent  variables  were  examined;  peak  tensile  strain  rate,  peak  compressive  strain  rate, 
and  peak  shear  strain  rate  during  the  stance  of  high-impact  activities.  For  each  of  the  dependent 
variables,  a  2x3x3  repeated-measure  ANOVA  test  was  run  with  the  subject  group  (two  levels:  runners 
and  ball  players),  tibial  section  (three  levels:  distal,  middle,  and  proximal  thirds  of  the  tibial  shaft),  and 
type  of  activity  (three  levels:  drop-jumping,  running,  and  cutting  maneuver)  serving  as  independent 
factors.  For  all  the  dependent  variables  examined,  significant  interactions  were  found  between  the 
subject  group  and  type  of  activity  (p  =  0.0001)  and  between  the  tibial  section  and  activity  (p=0.0001). 
Therefore,  separate  ANOVA  tests  were  run  to  determine  the  simple  effects  from  the  physical  activity 
history,  tibial  section,  and  high-impact  activity  on  tibial  strain  rate  variables. 
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Table  15:  Means  and  SEs  of  the  tibial  bone  strain  rate  during  high-impact  activities 


Variables\Conditions 

Running 

Jumping 

Cutting 

Runners 

Compressive  strain  rate  (ps/s) 

17593.96  (69.08)*  $ 

18021.50  (92.58)*# 

28779.64  (87.93)$  # 

Tensile  strain  rate  (ps/s) 

14954.92  (59.08)*  $ 

16705.46  (73.54)*# 

23193.99  (68.85)$# 

Shear  strain  rate  (ps/s) 

15314.35  (42.10)*  $ 

17029.96  (56.36)*# 

24016.01  (49.17)$# 

Basketball  Players 

Compressive  strain  rate  (ps/s) 

17246.25  (69.08)*  $ 

19367.54  (102.68)*# 

27750.49  (90.16)$# 

Tensile  strain  rate  (ps/s) 

14023.33  (58.65)*  $ 

18040.32  (80.97)*# 

22490.60  (65.28)$  # 

Shear  strain  rate  (ps/s) 

14709.81  (44.30)*  $ 

18435.83  (64.55)*# 

23682.54  (52.53)$# 

Note:  data  were  extracted  from  the  middle  third  of  the  tibia  shaft.  *  indicates  a  significant  difference  (p  =  0.0001)  between 
running  and  jumping  activities;  $  indicates  a  significant  difference  (p  =0.0001)  between  running  and  cutting  activities;  # 
indicates  a  significant  difference  (p  =  0.0001)  between  jumping  and  cutting  activities. 

One  way  repeated-measures  ANOVA  tests  with  the  high-impact  activity  being  the  independent  factor 
were  run  for  each  of  the  group  and  for  each  of  the  tibial  sections.  Significant  differences  in  compressive 
strain  rate  (p=0.0001),  tensile  strain  rate  (p=0.0001),  and  shear  strain  rate  (p=0.0001)  were  found 
between  the  three  activities.  For  both  of  the  subject  groups,  the  cutting  maneuver  elicited  the  largest 
compressive  strain  rate  (p=0.0001),  tensile  strain  rate  (p=0.0001),  and  shear  strain  rate  (p=0.0001) 
among  the  three  activities  across  the  three  tibial  sections;  the  jumping  activity  produced  greater 
compressive  strain  rate  (p=0.0001),  tensile  strain  rate  (p=0.0001),  and  shear  strain  rate  (p=0.0001)  than 
the  running  activity  at  the  middle  and  proximal  thirds  of  the  tibia;  the  running  activity  only  led  to  greater 
compressive  strain  rate  (p=0.0001)  and  shear  strain  rate  (p=0.0001)  at  the  distal  third  of  the  tibia  than  the 
jumping  activity.  Finally,  running  activity  performed  by  the  runner  group  exhibited  greater  tensile  strain 
rate  (p=0.0001)  at  the  distal  third  of  the  tibia  than  the  jumping  activity,  while  the  running  activity 
performed  by  the  ball  player  group  exhibited  less  tensile  strain  rate  (p=0.0001)  at  the  distal  third  of  the 
tibia  than  the  jumping  activity.  Table  15  presents  the  tibial  strain  rates  at  the  middle  third  of  the  tibial 
shaft  during  the  three  high- impact  activities. 

SUMMARY  and  DISCUSSION; 


Foad  carriage  leads  to  significant  alterations  of  gait  spatio-temporal  parameters  and  kinetics.  The 
increases  of  the  vertical  ground  reaction  force  and  loading  rate  are  proportional  to  the  increments  of  load 
carried.  Although  runners  and  basketball  players  recruited  in  this  study  had  distinct  physical  activity 
histories,  they  exhibited  no  differences  in  ground  reaction  forces  and  loading  rates  during  loaded 
walking  tasks.  The  results  imply  that  when  participating  in  unaccustomed  activities  (e.g.  loaded 
walking),  both  the  runner  and  basketball  groups  could  experience  similar  mechanical  loadings. 

When  performing  running  movement,  habitual  runners  recruited  in  this  study  demonstrated  an  ability  to 
lower  the  ground  reaction  forces.  Running  with  reduced  ground  impact  forces  could  result  in  decreased 
risks  of  impact  related  overuse  injuries.  As  the  runners  have  adapted  to  the  running  environment  by 
lowering  impact  forces,  runners’  tibia  bones  may  also  have  adapted  to  the  same  loading  environment. 
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On  one  hand,  adaptation  to  a  loading  environment  with  redueed  impaet  forees  eould  mean  the  tibia  bone 
may  have  remodeled  itself  for  the  redueed  imposed  meehanieal  loadings  via  deereasing  bone  density  at 
some  parts  of  the  bone  for  metabolie  effieiency  purposes.  On  the  other  hand,  when  the  loading 
environment  is  ehanged  to  an  unaeeustomed  situation  (e.g.  loaded  walking),  the  tibia  bone  may  need  to 
aeeelerate  the  remodeling  process  to  become  capable  of  resisting  the  novel  loadings. 

We  had  hypothesized  that  the  incremented  load  carriages  would  lead  to  increases  of  tibia  bone  strain. 
This  hypothesis  was  supported.  It  was  found  that  the  tibial  compressive,  tensile,  and  shear  strains 
increased  significantly  as  the  load  carriage  increased  from  0kg  to  15kg,  from  15kg  to  25kg  and  from 
25kg  to  35kg.  The  current  finding  of  this  significant  dose-response  relationship  between  the  load 
carriage  and  tibial  strain  indicates  that  the  tibia  bone  deformation  during  loaded  walking  is  positively 
related  to  the  amount  of  load  carried.  Thus,  it  is  possible  that  increasing  the  load  carriage  during  military 
training  could  lead  to  increased  risk  of  tibia  bone  damage  due  to  the  increase  of  bone  deformation. 

We  had  hypothesized  that  the  past  physic al-training  history  could  influence  the  tibial  bone  strain  during 
loaded  walking.  This  hypothesis  was  supported.  We  found  the  runner  group  demonstrated  larger  tibial 
compressive,  tensile,  and  shear  strain  than  the  ball  player  group  during  walking  with  incremented  load 
carriages.  Participating  in  running  for  minimum  of  two  years,  the  runner  group  may  have  remodeled 
their  tibial  bones  to  accommodate  the  uni-axial  cyclic  loading  encountered  during  running.  On  the 
contrary,  minimum  of  two  years  of  experiencing  the  irregular  multi-axial  loading  during  basketball  may 
shape  the  tibias  of  the  ball  player  group  to  better  resist  unaccustomed  loadings.  In  this  study,  the  tibias  of 
the  ball  player  group  demonstrated  less  bone  deformation  during  loaded  walking  than  those  of  the 
runner  group.  Thus,  it  is  evident  that  the  tibias  of  the  ball  player  group  are  more  resilient  to  the 
unaccustomed  loading  from  load  carriages  than  those  of  the  runner  group. 

The  strains  of  the  proximal,  middle,  and  distal  thirds  of  the  tibia  were  examined  during  load  carriages.  It 
was  found  that  the  middle  third  of  the  tibia  always  experienced  the  largest  tensile  strain  and  the  distal 
third  of  the  tibia  always  experienced  the  largest  compressive  strain  among  the  three  tibial  thirds.  The 
proximal  third  of  the  tibia  was  found  to  experience  the  least  amount  of  the  strains  among  the  three  tibial 
thirds  during  load  carriages.  Previous  studies  examined  in  vivo  tibial  bone  strain  at  the  anterior-medial 
aspect  of  the  middle  bone  shaft  and  considered  this  site  was  a  common  location  of  tibial  stress  fracture 
[13,  14,  17].  Findings  from  this  study  provide  evidence  to  the  assumption  taken  by  those  studies  [13,  14, 
17].  As  bone  is  generally  weak  to  tensile  stress,  sustaining  pronounced  tensile  strain  at  the  middle  third 
of  the  tibia  during  loaded  walking  could  result  in  increased  risk  of  stress  fractures. 

We  had  hypothesized  that  high  impact,  irregular  sporting  maneuvers  such  as  cutting  and  drop-jumping, 
which  were  consistent  with  those  performed  in  basketball,  produce  different  tibial  strain  patterns  than 
those  produced  during  running.  This  hypothesis  was  supported.  The  cutting  maneuver  elicited  largest 
amount  of  compressive,  tensile,  and  shear  strains  among  the  three  high-impact  activities  tested.  The 
drop-jumping  activity  produced  greater  strains  at  the  middle  third  of  the  tibia  than  the  running  activity. 
The  running  activity  only  resulted  in  larger  compressive  strain  than  drop-jumping  at  the  distal  third  of 
the  tibia.  Thus,  it  is  evident  that  participating  in  high-impact  irregular  maneuvers  consisting  cutting  and 
drop-jumping  could  lead  to  strengthening  tibial  bone  in  general;  in  particular,  the  bone  quality  of  the 
middle  third  of  the  tibia  can  be  improved  to  become  more  resilient  to  tensile  loads.  As  the  middle  third 
of  the  tibia  is  a  vulnerable  site  sustaining  stress  fracture  during  military  training  [13,  14,  17],  a  pre¬ 
conditioning  program  consisting  high-impact  irregular  activities  such  as  cutting  and  drop-jumping  may 
be  beneficial  to  military  recruits  who  are  entering  basic  training  and  facing  high  risk  of  tibial  stress 
fractures. 
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We  had  hypothesized  that  ineremented  load  earriages  would  result  in  inereases  of  tibial  bone  strain  rates. 
This  hypothesis  was  supported  in  general.  We  found  the  ball  player  group  exhibited  pronouneed 
inereases  of  eompressive,  tensile,  and  shear  strain  rates  at  all  the  three  tibial  seetions  as  the  load  earriage 
inereased  from  0kg  to  15kg,  from  15kg  to  25kg,  and  from  25kg  to  35kg,  respeetively.  The  runner  group 
also  experieneed  similar  strain  rate  patterns  when  the  load  carriage  increased  from  0kg  to  15kg  and  from 
15kg  to  25kg.  In  addition,  the  runner  group  experienced  the  following  strain  rate  patterns:  increased 
compressive  strain  rate  at  the  distal  third  of  the  tibia  with  the  load  carriage  increasing  from  25kg  to 
35kg;  increased  tensile  strain  rate  and  shear  strain  rate  at  the  middle  third  of  the  tibia  with  the  load 
carriage  increasing  from  25kg  to  35kg.  Interestingly,  the  compressive  strain  rate  at  the  middle  third  of 
the  tibia,  the  tensile  strain  rate  and  shear  strain  rate  at  the  distal  third  of  the  tibia  stay  unchanged  with  the 
load  carriage  increasing  from  25kg  to  35kg.  As  load  carriage  is  accompanied  with  alterations  of  gait 
patterns  [4,  18],  it  is  possible  that  the  adjustments  of  gait  signified  by  reducing  stride  length  and 
increasing  lower-extremity  flexion  angles  could  have  an  effect  on  strain  rate.  Reducing  the  strain  rate  at 
the  25kg  level  of  load  carriage  may  be  a  response  from  the  runner  group  to  prevent  bone  damage  due  to 
cyclic  loading  during  load  carriage.  On  the  contrary,  the  ball  player  group  did  not  exhibit  a  threshold 
effect  on  bone  strain  rate  before  the  35kg  load.  This  reflects  that  the  tibias  of  the  ball  player  group  may 
be  strong  enough  to  sustain  higher  level  loads  than  the  35kg  load. 

We  had  hypothesized  that  the  past  physical-training  history  could  influence  the  tibial  bone  strain  rate 
during  loaded  walking.  This  hypothesis  was  supported.  The  runner  group  consistently  demonstrated 
larger  tibial  strain  rates  than  those  of  the  ball  player  group  when  carrying  15kg  and  25kg  loads. 
Interestingly,  when  the  load  carriage  increased  to  a  35kg  load,  the  runner  group  started  showing  lower 
strain  rates  than  the  ball  player  group.  It  is  possible  that  a  strain  rate  threshold  exists  during  loaded 
walking.  This  strain  rate  threshold  may  be  dependent  on  the  tibial  bone  quality.  If  the  tibial  bone  is  not 
accustomed  to  a  loading  environment  such  as  incremented  load  carriages  in  this  study,  protective 
strategies  signified  by  alternating  gait  kinematics  may  result  in  a  reduction  of  bone  strain  rates. 
Therefore,  as  the  runner  group  experienced  unchanged  strain  rates  after  the  25kg  load  carriage  and  lower 
strain  rates  at  35kg  load  carriage  than  the  ball  player  group,  it  is  likely  that  the  tibias  of  the  runner  group 
may  be  less  resilient  to  load  carriages  than  the  tibias  of  the  ball  player  group. 

When  examining  the  strain  rates  at  the  proximal,  middle,  and  distal  thirds  of  the  tibia  during  load 
carriages,  we  found  the  middle  third  of  the  tibia  sustained  the  highest  strain  rate  within  the  three  tibial 
sections.  The  middle  third  of  the  tibia  has  long  been  considered  a  vulnerable  site  sustaining  stress 
fracture  during  military  training  [13,  14,  17].  Findings  from  this  study  provide  evidence  to  support  this 
consensus.  During  military  basic  training,  it  is  possible  that  load  carriage  could  lead  to  a  pronounced 
increase  of  strain  rates  at  the  middle  third  of  the  tibia.  Bone  remodeling  may  be  accelerated,  which  could 
temporarily  weaken  the  bone  structure.  If  the  load  carriage  training  continues,  the  risk  of  developing 
stress  fracture  at  the  middle  third  of  the  tibia  could  be  increased. 

We  had  hypothesized  that  high  impact,  irregular  sporting  maneuvers  such  as  cutting  and  drop-jumping, 
which  were  consistent  with  those  performed  in  basketball,  produce  different  tibial  strain  rate  patterns 
than  those  produced  during  running.  This  hypothesis  was  supported.  We  found  that  the  cutting  maneuver 
generated  the  highest  strain  rates  than  the  drop-jumping  and  running  activities  and  the  drop-jumping 
resulted  in  greater  strain  rates  at  the  middle  third  of  the  tibia  than  running.  Thus,  it  is  evident  that 
participating  in  sports  comprising  high  impact  multi-directional  loadings  such  as  cutting  and  drop¬ 
jumping  could  be  beneficial  to  strengthen  tibial  bones,  which  could  become  resilient  to  load  carriages. 
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CONCLUSION 


Load  carriages  result  in  inereases  in  tibial  strains  and  strain  rates.  A  dose-response  relationship  exists 
between  ineremented  load  earriages  and  bone  strains.  A  threshold  in  strain  rate  may  exist  during  walking 
with  ineremented  load  earriages.  This  threshold  may  serve  as  a  proteetive  meehanism  to  limit  the 
inerease  of  strain  rates.  Past  training  history  has  an  influenee  on  tibial  strains  and  strain  rates.  For  any 
given  load  earriage,  basketball  players  experieneed  smaller  inereases  of  bone  strains  than  runners. 
During  load  earriages,  the  middle  third  of  the  tibia  experieneed  the  highest  strain  rates  and  tensile  strain 
among  the  three  tibial  seetions.  Cutting  and  drop-jumping  maneuvers  demonstrated  greater  strain  and 
strain  rates  at  the  middle  third  of  the  tibia  than  running.  For  military  reeruits  entering  the  basie  training, 
a  pre-eonditioning  program  eomprised  with  high  impaet,  irregular  sporting  maneuvers  sueh  as  basketball 
may  be  benefieial  for  strengthening  tibial  bones  to  resist  unaeeustomed  loadings  from  load  earriage 
training. 
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INTRODUCTION 

Stress  fracture  is  a  common  overuse  injury  experienced 
during  activities  involving  repetitive  loading  (running  and 
loaded  walking).  A  common  location  for  these  fractures  is 
the  tibia  [1].  The  cause  of  tibial  stress  fracture  remains 
elusive  despite  considerable  research  [2].  A  reason  for 
ambiguity  may  be  the  use  of  surrogate  variables  instead  of 
the  mechanical  causes  of  bone  microdamage  (deformation). 
Gathering  bone  strain  data  in  vivo  has  inherent  limitations, 
so  it  is  useful  to  explore  musculo-skeletal  modeling 
techniques  that  can  assess  changes  in  bone  strain  response 
across  individuals.  The  goal  of  this  project  was  to  develop 
methods  to  generate  strain  data  for  large  cohorts  of  subjects. 

METHODS 

Seventeen  college-aged  male  subjects  participated.  Walking 
kinematic  and  kinetic  data  were  collected  for  unloaded 
walking  at  1.67  m/s  on  an  AMTI  force  instrumented 
treadmill  (AMTI,  Watertown,  MA).  Bone  geometries  were 
obtained  using  computed  tomography  (CT).  CT  images 
were  segmented  and  3D  geometry  files  generated  in 
Materialise  MIMICS  13.0  (Materialise,  Leuven,  Belgium). 

The  3D  surface  geometries  were  used  in  MD  MARC  2008 
(MSC. Software,  Santa  Anna,  CA)  to  build  hexmesh  finite 
element  (FE)  models  with  generic  linear  isotropic  material 
properties  of  elastic  modulus  17GPa,  density  1.9g/cm^,  and 
Poisson’s  ratio  of  0.3.  Tibia  models  were  then  imported  into 
a  scaled  LifeMOD  model.  Once  positioned,  spatial 
coordinates  of  muscle  model  markers  representing  origins, 
insertions,  and  joint  positions  relative  to  the  tibia  and 
incorporated  into  the  FE  tibia.  Boundary  conditions  were 
assigned  as  rotational  and  translational  degrees  of  freedom 
of  nodes  representing  ankle  and  knee  joint  centers.  Flexible 
bodies  (modal  neutral  files)  were  generated  for  LifeMOD. 
For  a  full  description  of  LifeMOD  modeling  methods  and 
use  of  flexible  bodies,  see  A1  Nazer  [3].  Key  differences 
between  the  this  study  and  that  of  A1  Nazer  et  al  include  a 
more  muscle  actuators  on  the  leg  that  includes  the  flexible 
tibia,  subject  specific  segment  scaling  based  on  joint  center 
calculations,  ground  reaction  forces,  and  subject  specific 
tibial  geometries  generated  from  CT  scans. 

A  lower  body  model  was  built  using  subject  sex,  mass,  and 
height  as  scaling  inputs  in  the  GeBOD  [4]  database. 
Segments,  joint  locations,  and  orientations  were  scaled 


using  joint  center  data  from  VisuaBD.  Kinematic  data  were 
used  to  perform  an  inverse  kinematic  analysis.  Results  of 
this  analysis  were  used  to  “train”  the  muscle  (right  leg)  and 
joint  (left  leg)  PID  controllers  used  to  actuate  the  model  in  a 
forward  dynamics  (FD)  analysis.  Flexible  tibias  were  then 
imported  into  LifeMOD.  A  FD  analysis  was  performed  with 
the  addition  of  ground  reaction  forces  applied  to  the  feet  and 
motion  capture  kinematics  disabled.  Maximum  principle, 
minimum  principle,  and  maximum  shear  strain  values  were 
then  calculated  using  the  Durability  plug-in  for  MD 
ADAMS/View  for  the  nodes  of  the  geometric  middle  third 
of  the  tibial  shaft  [3,5]  (MSC.  Software,  Santa  Ana,  CA). 

RESULTS  AND  DISCUSSION 

Results  are  in  Table  1.  Maximum  principle  and  minimum 
principle  strains  and  strain  rates  appear  to  be  consistent  with 
previously  reported  values,  though  maximum  shear  strain 
and  strain  rate  values  are  lower.  Further  analysis  is  needed 
to  determine  if  these  differences  arc  due  to  modeling 
methods  or  to  differences  in  experimental  protocols, 
specifically  treadmill  versus  over-ground  walking. 

Methods  used  in  this  study  provide  a  promising  means  of 
investigating  tibial  strain  and  strain  rate  across  individuals 
and  conditions.  Since  these  methods  do  not  require  bone 
staples,  more  diverse  populations  can  be  studied  in  the 
future. 
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Table  1:  Averaged  Strains  and  Strain  Rate  Comparisons 


Strain  (Microstrain) 

Strain  Rate  (Microstrain/s) 

Max  Prin 

Min  Prin 

Max  Shear 

Max  Prin  Rate 

Min  Prin  Rate 

Max  Shear  Rate 

Al  Nazer  et  aP 

305 

-645 

948 

4000 

-7000 

10000 

Present  Simulation 

400 

-603 

463 

3168 

-4578 

3240 
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Military  personnel  are  commonly  afflicted  by  overuse  injuries  such  as  tibia  stress  fracture  during  basic  physical 
training.  Muscular  fatigue  is  thought  to  reduce  the  leg  muscles'  ability  to  attenuate  dynamic  load  on  human 
musculoskeletal  system  during  locomotion  (Voloshin,  et  al.  1998).  However,  it  is  not  clear  if  or  how  muscular 
fatigue  influences  mechanical  loading  of  the  lower  extremities  and  increases  the  risk  of  developing  tibia  stress 
fracture. 

PURPOSE:  Compare  peak  ground  impact  forces  and  loading  rates  during  a  fatigued  and  unfatigued  walking  task. 

METHODS:  Fourteen  healthy  male  subjects  (age:  21±2  yr.;  body  mass:  8U5±1 1.3  kg;  body  height:  182±4  cm) 
participated  in  the  study.  Subjects  participated  in  a  fatiguing  protocol  which  involved  a  series  of  metered  step-ups 
and  heel  raises  while  wearing  a  1 6  kg  rucksack.  The  presence  of  fatigue  was  determined  by  a  decline  in 
performance  of  a  vertical  jump  test  (<  80%  of  vertical  jump  max)  Prior  to  and  immediately  after  the  fatiguing 
protocol,  subjects  performed  level  walking  at  1.67  m/s  on  a  force  instrumented  treadmill  (AMTI).  The  following 
variables  were  analyzed:  Peak  vertical  and  antero-posterior  ground  reaction  forces  and  peak  instantaneous  vertical 
and  braking  loading  rates  during  first  half  of  the  stance.  A  one  way  repeated  measures  MANOVA  was  used  to 
determine  differences  in  these  variables  between  unfatigued  and  fatigued  conditions,  a  =  0.05. 

RESULTS:  Compared  to  unfatigued  condition,  during  the  fatigued  condition  the  subjects  exhibited  greater 
vertical  ground  reaction  forces  (1.36  ±  0.1 1  vs.  1.30  ±  0.07  BW,  respectively)  (p  =  0.000),  greater  instantaneous 
vertical  loading  rates  (24.46  ±  9.92  vs.  18.28  ±  4.51  BW/s,  respectively.)  (p  =  0.000),  and  greater  instantaneous 
braking  loading  rates  (-10.48  ±  3.02  vs. -8. 61  ±  1.99  BW/s,  respectively.)  (p  =0.001). 

CONCLUSION:  Increased  vertical  loading  rate  has  been  linked  to  higher  risk  of  tibia  stress  fracture  for  distance 
runners  (Milner  et  al.  2006).  In  this  study,  muscular  fatigue  seems  to  lead  to  increases  of  vertical  ground  impact 
and  instantaneous  loading  rates  during  walking  at  the  given  speed.  It  is  possible  that  military  personnel  under  the 
influence  of  muscular  fatigue  may  face  increased  risk  of  tibia  stress  fracture  when  participating  in  intensive 
physical  training  programs.  DoD#W81XWH-08-l-0587 
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INTRODUCTION 

Stress  fiactme  is  an  ovenise  bone  injury.  It  is  a 
result  of  excessively  repetitive  loads  acting  on  the 
bone  over  time  which  leads  to  fatigue  mduced  bone 
microdamage  [1.2].  Mechanical  loading  and  loading 
rate  are  two  major  factors  related  to  stress  fiactme 
development. 

Military  persomiel  are  conunonly  afflicted  by  stress 
fiactmes  dming  basic  training.  The  injiuy  rate  of 
stress  fracUires  during  basic  training  is 
approxmiately  6%  in  the  US  ARMY  [3].  During 
basic  training,  new  recmits  have  to  take  on 
strenuous  training  protocols  including  loaded  long¬ 
distance  walking.  The  lower  extremities  are 
therefore  exposed  to  increased  and  repetitive  gioimd 
reaction  impact  forces  during  basic  trauiing.  It  was 
fomid  that  the  most  cormnon  site  of  stress  fiactme 
in  militaiy  recruits  is  the  tibia  [3],  wliich  accounts 
for  more  than  40%  of  total  stress  fi'actmes  in  the 
military  [4.5]. 

Load  carriage  has  been  found  to  alter  gait 
kmernatics.  and  increase  gromid  reaction  force 
proportionally  [6.7].  However,  the  effect  of  load 
carriage  on  the  risk  of  muscirlo-skeletal  injmies 
sitch  as  tibial  stress  fi’acture  is  not  fiilly  imderstood. 
Specifically,  the  effect  of  load  carriage  on 
mechanical  loading  rate  has  not  been  investigated.  It 
is  not  clear,  if  and  how  load  carriage  affects  the 
gromid  reaction  loadmg  rates  during  walking.  The 
purpose  of  the  study  was  to  mvestigate  the  effect  of 
load  carriage  on  gromid  reaction  loading  rates 
during  walkmg.  It  was  hypothesized  that  gi'oimd 
reaction  forces  and  ground  reaction  loading  rates 
would  increase  during  loaded  walkmg. 

METHODS 

Eighteen  healthy  male  subjects  (age:  21  ±  2  yr.; 
body  mass:  79  ±  11  kg;  body  height:  ISl  =  4  cm) 
participated  in  the  study.  Subjects  wore  military 
boots  and  performed  unloaded  walking  and  loaded 
walkmg  with  a  32  kg  rucksack  at  1.67  ni  s  on  a 


force  instnmiented  treadmill  (AMTI).  Gromid 
reaction  forces  were  collected  at  2400  Hz.  The 
followmg  variables  were  analyzed:  peak  vertical 
and  aritero-posterior  (brakmg)  gromid  reaction 
forces,  peak  mstantaneous  and  average  vertical  and 
braking  loading  rates  during  weight  acceptance  of 
walkmg.  A  one-way  repeated  measures  MANOVA 
was  used  to  detemiine  differences  in  these  variables 
between  noniial  and  loaded  walking  conditions,  a  = 
0.05. 

RESULTS  ANT)  DISCUSSION 
Compared  to  miloaded  walking,  the  loaded  walking 
exliibited  a  49%  uicrease  of  peak  vertical  GRF.  a 
48%  increase  of  peak  braking  GRF.  a  96%  increase 
of  vertical  ground  reaction  loading  rate,  and  a  72% 
increase  of  braking  gromid  reaction  loading  rate 
dming  weight  acceptance  (p<0.000)  (Table  1). 

As  we  expected,  canying  a  32  Kg  load  led  to 
significant  increases  of  gi'omid  reaction  forces.  As 
high-magnitude  mechanical  loads  are  associated 
with  tibial  stress  fiactme  [1.  3.  8].  the  large 
increases  of  gi’omid  reaction  forces  duiiiig  loaded 
walkmg  may  lead  to  an  increase  of  tibial  bone  strain 
and  possibly  increase  the  chance  of  developing 
tibial  stress  fiacture. 

We  also  found  that  there  were  significant  increases 
of  ground  reaction  loading  rates  when  walkmg  with 
load.  As  repeated  loading  at  liigher  loading  rates  is 
more  damaging  to  the  bone  than  at  lower  loading 
rates  [9].  it  is  possible  that  the  great  increase  of 
vertical  and  braking  ground  reaction  loadmg  rates 
could  expose  the  tibial  bones  to  increased  risk  of 
stress  fiacnire.  Surprisingly,  the  mcreases  of  ground 
reaction  loadmg  rates  outpace  the  mcreases  of 
gr'ound  reaction  forces  dming  loaded  walking.  It  is 
possible  that  it  may  be  the  great  mcrease  of  the 
ground  reaction  loading  rates  leading  to  great 
increased  risk  of  tibial  stress  fracnire. 
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Walking  with  loads  that  could  be  as  high  as  60%  of 
body  weight  is  an  inevitable  part  of  the  militaiy 
basic  training.  During  a  Uvelve-tveek  basic  training, 
the  combined  nimiing  and  walking  distance  could 
exceed  200  miles  [1].  The  increased  ground  reaction 
forces  and  ground  reaction  loading  rates  assoeiate 
with  e\  ery  step  during  loaded  walking  eould  expose 
the  military  reeruits  to  increased  risk  of  tibial  stress 
fracture.  Future  study  should  focus  on  in-\'ivo 
measurement  of  tibial  bone  defonnation  to  confimi 
that  load  carriage  would  lead  to  increases  of  strain 
and  strain  rate  during  w'alking. 

CONCLUSIONS 

Load  carnage  results  in  greater  increases  of  gi'ound 
reaction  force  loading  rates  during  walking. 
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Table  1:  Peak  vertieal  and  braking  GRFs  and  instantaneous  vertieal  and  braking  ground  reaetion  loading  rates 
during  weight  acceptance  of  walking. 


^"ariables 

l^nloaded 

walking 

Loaded  walking 

Peak  vertical  GRF  (BW)* 

1.28  ±0.07 

1.90  ±0.17 

Peak  braking  GRF  (BW)* 

0.23  ±  0.03 

0.34  ±  0.04 

Instantaneous  vertical  ground-reaction 
loading  rate  (BW/s)* 

17.58  ±3.96 

34.48  ±  10.73 

Instantaneous  braking  ground-reaction 
loading  rate  (BW/s)* 

8.34  ±  1.73 

14.39  ±5.12 

Note.  *  indicates  p  <  0.000 
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INTRODUCTION 

Stress  fracture  is  a  common  overuse  injury 
experienced  by  participants  of  activities  mvolving 
repetitive  loading  such  as  running  and  loaded 
walking.  One  popubtion  especially  susceptible  to 
this  type  of  mjury  is  US  ARMY  recrvuts.  The 
mcidence  of  stress  fracture  durmg  basic  traimng  is 
about  6%  m  recruits  [1]  with  the  most  common 
site  of  fracture  bemg  the  tibia;  these  tibial  stress 
fractures  account  for  more  than  40%  of  total  stress 
fractures  in  the  mihtary’  [2,3], 

The  precise  cause  of  hbial  stress  fracture  remains 
elusive  despite  considerable  research  on  the 
subject  [4],  One  cause  of  this  ambiguity  may  be 
the  use  of  surrogate  variables  mstead  of  the  root 
mechamcal  causes  of  bone  microdamage  such  as 
defoimation.  Since  gathermg  bone  strain  data  in 
vivo  m  large  populations  has  inlierent  limitations, 
it  IS  usefiil  to  explore  musculo-skeletal  modeling 
techniques  that  can  be  used  to  mvestigate  changes 
m  bone  stram  response  across  different 
mdividuals.  The  goal  of  this  project  w'as  to 
develop  a  set  of  methods  capable  of  generating 
stram  ^ta  for  large  cohorts  of  subjects. 

METHODS 

Five  subjects  (demogr^hics)  were  used  from  a 
larger  cohort  of  subjects  w'hose  data  were 
collected  for  a  concurrent  project.  Walkmg  data 
were  collected  for  unloaded  walkmg  at  1.67  m^s 
on  an  AMTI  force  instrumented  treadmill  with 
kinematics  collected  using  12  Vicon  F-series 
cameras  at  120Hz  and  groimd  reaction  forces 
collected  at  2400Hz  (AMTL  Watertown.  MA. 
Vicon.  Oxford,  UK).  Bone  geometnes  were 
obtamed  usmg  confuted  tomography  (CT).  These 
images  were  segmented  and  3D  geometry'  files 
were  generated  m  Matenahse  MIMICS  13.0 
(Materiahse.  Leuven.  Belgium). 


These  3D  surface  geometries  were  used  in  MD 
MARC  2008  (MSC.Software.  Santa  Anna.  CA)  to 
build  hexmesh  fimte  element  (FE)  models  with 
generic  linear  isotropic  material  properties  of 
elastic  modulus  17GPa,  density'  1.9g/cm^,  and 
Poisson’s  ratio  of  0.3.  These  tibia  models  were 
then  imported  into  a  scaled  LifeMOD  musculo¬ 
skeletal  model. 

Once  positioned,  spatial  coordinates  of  muscle 
model  markers  representing  origins  and  insertions 
as  well  as  joint  positions  relative  to  the  tibia  were 
exported.  The  exported  posrtion  data  w'ere  used  to 
build  new  FE  tibias  mcorporatmg  massless  rigid 
body  links  between  muscle  and  joint  attachment 
pomts  usmg  a  custom  Python  script  (version  3.0). 
Boundary'  conditions  were  assigned  as  rotational 
and  translational  degrees  of  freedom  of  the  nodes 
representmg  the  ankle  and  knee  jomt  centers  and 
flexible  bodies  (modal  neutral  files)  were 
generated  for  use  in  LifeMOD. 

For  a  full  description  of  LifeMOD  modeling 
methods  and  the  use  of  flexible  bodies,  see  Al 
Nazer  [5].  Key  differences  between  die  current 
study  and  that  of  Al  Nazer  et  al  include  a  larger 
number  of  muscle  actuators  on  the  leg  that 
includes  the  flexible  tibia  ,  subject  specific 
segment  scaling  based  on  joint  center  calculations, 
groimd  reaction  forces,  and  subject  specific  tibial 
geometries  generated  from  CT  scans. 

In  order  to  build  a  muscle  and  joint  actuated 
subject  specific  model,  a  static  low'er  body'  model 
W'as  first  built  usmg  subject  sex.  mass,  and  heiglit 
as  scaling  inputs  into  the  GeBOD  [6]  database 
mcoiporated  mto  LifeMOD.  Segments  and  jomt 
locations  and  onentations  were  then  scaled  using 
jomt  center  data  calculated  in  Visual3D.  Once  a 
scaled  model  was  built,  experimental  kmematic 
data  were  then  used  to  perfomi  an  mverse 
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kinematic  (IK)  analv-sis.  The  results  of  this 
anal>'sis  were  used  to  'tram”  the  muscle  (right 
leg)  and  jomt  (left  leg)  PID  controllers  used  to 
actuate  the  model  m  a  forward  dynamics  (FD) 
analysis.  Flexible  dbias  were  then  mqxirted  mto 
LifeMOD 

A  FD  analysis  was  then  performed  witli  the 
addition  of  ground  reaction  forces  applied  to  both 
feet  and  motion  capture  kmematics  disabled. 
Maxmium  principle,  minimum  principle,  and 
maximum  shear  stram  values  were  then  calculated 
using  the  Durability  plug-m  for  MD 
ADAMS/VTew  for  the  nodes  most  closely 
representmg  the  location  of  the  stram  staples  used 
m  in  vivo  studies  [5,7,8.9]  (I^C.  Software.  Santa 
Ana.  CA). 

RESIXTS  -AND  DISCX  SSION 

The  averaged  results  for  a  preliminary  analysis  of 
5  subjects  are  presented  m  Table  1.  Maximum 
principle  and  minimum  principle  strains  and  strain 
rates  appear  to  be  consistent  with  pretiously 
reported  values,  though  maximum  shear  strain  and 
stram  rate  values  for  these  5  subjects  are  markedly 
lower.  Further  analysts  is  needed  to  detemime  if 
these  differences  are  due  to  modelmg  metliods  or 
to  differences  m  eiqierimental  protocols, 
specifically  treadmill  versus  over-ground  walking. 

In  summary,  the  methods  used  m  this  study 
provide  a  promising  means  of  investigatmg  tibial 
stram  and  strain  rate  across  mditiduals  and 


conditions.  Since  these  methods  do  not  require  the 
use  of  invasive  bone  stales,  more  diverse 
populations  and  conditions  can  be  studied  m  the 
future. 

REFERENCES 

1. Brukner,  P.,  et  al.  Stress  fracture.  1999 

2. Beck.  T.J.,  et  al.  J.  of  Bone  and  Mineral  Res.  11. 
645-653,  1996. 

3.  Winfield.  A..C.,  et  al.  Military  Medicine.  162. 
698-702.  1997. 

4. Brukner,  P.,  et  al.  Stress  Fractures,  Blackwell 
Science  Asia  Pty  Ltd.  1999 

5  .A1  Nazer,  R..  et  al.  Multibod}'  Systems 
Dynamics  20,  287-306,  lOOS. 

6. Cheng.  H..  et  al.  Proceedings  of  the  1 5th 
Southern  Biomedical  Engineering  Conference. 
Dayton.  OH.  USA.  1996. 

7. Lanyon.  L.E..  et  al.  Acta  Orthop.  Scand.  46. 
256-268.  1975. 

8. BurT.  D.B.,  et  al.  Journal  of  Bone  and  Joint 
Surgen-  82.  591-594, 2000. 

9. Milgrom  C.,  et  al.  Journal  of  Biomechanics 

40^845-850,  2006. 

AC  KNO\TXEDGEMENTS 

Fundmg  source;  Department  of  the  Army 
#W8 15^11-08-1-0587 

Ed  Rezer  of  Desice  Analytics  for  FE  analysis 
support 


Table  1:  Averaged  Strains  and  Stram  Rate  Comparisons 
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Military  personnel  are  often  afflicted  by  tibia  stress  fracture  (TSF)  during  basic  training.  Load  carriage  and 
muscle  fatigue  may  be  factors  related  to  the  high  incidence  of  TSF.  Load  carriage  increases  ground  reaction  force 
during  walking.  Muscle  fatigue  reduces  muscles'  ability  to  attenuate  dynamic  load  on  musculoskeletal  system 
during  locomotion.  However,  it  is  yet  to  be  determined  what  effects  load  and  fatigue  may  elicit  in  mechanical 
loading  rate  during  walking. 

PURPOSE:  To  determine  the  effects  of  load  carriage  and  fatigue  on  peak  vertical  ground  reaction  force  and 
loading  rate  during  walking. 

METHODS:  Eighteen  healthy  males  (age:  21  ±  2  yrs,  body  mass:  77.6  ±  9.6  kg,  body  height:  181  ±  4  cm) 
performed  tasks  in  the  following  order:  unloaded  and  unfatigued  walking  (UU),  loaded  and  unfatigued  walking 
with  a  32  kg  rucksack  (LU),  a  fatiguing  protocol  consisting  of  stepping  and  heel-raising  with  a  16  kg  rucksack, 
loaded  and  fatigued  walking  with  a  32  kg  rucksack  (LF),  and  unloaded  fatigued  walking  (UF).  Each  walking  task 
was  performed  for  5  min  on  a  force  instrumented  treadmill  (AMTI)  at  1.67  m/s.  Peak  vertical  ground  reaction 
force  and  loading  rate  at  weight  acceptance  were  normalized  to  body  weight.  One  way  repeated  measures 
ANOVAs  and  pair-wise  comparisons  with  Bonferroni  correction  were  performed,  a  =  0.05. 

RESULTS:  The  peak  vertical  ground  reaction  forces  of  the  UF  (1.35  ±  0.1 1  BW),  LU  (1.92  ±0.18  BW),  and  LF 
(1.99  ±  0.19  BW)  were  all  greater  than  that  of  the  UU  (1.27  ±  0.06  BW)  (p  <  0.05).  The  peak  vertical  ground 
reaction  loading  rates  of  the  UF  (21.75  ±  7.92  BW/s),  LU  (35.29  ±  12.07  BW/s),  and  LF  (37.58  ±  1 1.92  BW/s) 
were  all  greater  than  that  of  the  UU  (16.81  ±  3.40  BW/s)  (p  <  0.05). 

CONCLUSION:  Fatigue,  load  carriage,  and  the  combination  of  load  carriage  and  fatigue  all  lead  to  significant 
increases  of  mechanical  loading  and  loading  rate  on  the  lower  extremities  during  walking.  As  great  magnitudes  of 
mechanical  loading  and  loading  rate  are  identified  risk  factors  of  TSF,  the  effects  of  load  carriage  and  muscle 
fatigue  could  expose  military  personnel  to  increased  risk  of  TSF  during  basic  training.  Interestingly,  the  increases 
of  mechanical  loading  rate  are  more  pronounce  than  that  of  the  mechanical  loading.  Mechanical  loading  rate  may 
have  greater  effect  on  the  development  of  TSF  than  the  loading  magnitude.  DOD#W81XWH-08-1-0587 

©201 1  The  American  College  of  Sports  Medicine 
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During  landing,  the  human  body  is  required  to  absorb  impact  forces  throughout  its  tissues.  Muscle  and  connective 
tissue  dissipate  much  of  this  force.  A  portion  of  the  impact  is  delivered  to  the  bones.  Repetitive  forces  acting  on 
the  tibia  during  landing  can  cause  microffactures  which  may  lead  to  stress  fracture.  It  is  difficult  to  quantify  bone 
strain  through  invasive  measure  such  as  bone  staple. 

PURPOSE:  To  calculate  changes  in  bone  strain  during  landing  using  a  noninvasive  approach  by  integrating  a 
finite  element  tibia  in  a  musculoskeletal  model. 

METHODS:  A  musculoskeletal  model  representing  a  healthy  male  subject  (22  years,  78.6  kg,  1.85  m)  was 
created.  A  flexible  tibia,  created  from  a  CT  scan  of  the  subject's  right  tibia,  was  included  in  the  model.  Motion 
capture  data  were  collected  while  the  subject  performed  drop  landings  from  three  separate  heights  (26,  39,  and  52 
cm)  and  served  as  inputs  to  perform  dynamic  simulations.  Surface  electromyography  and  joint  angle  data  were 
compared  to  their  simulation  using  a  cross  correlation.  Maximum  magnitudes  of  principal  and  maximum  shear 
strain  were  computed. 

RESULTS:  Strong  cross-correlation  coefficients  (CCC  >  0.87)  were  found  between  recorded  and  simulated 
lower  extremity  joint  angles.  Recorded  activity  in  the  vastus  lateralis,  vastus  medialis,  and  the  tibialis  anterior 
agreed  strongly  with  the  model  (CCC  >  0.75).  Weaker  relationships  existed  in  the  gastrocnemius,  hamstring,  and 
soleus,  which  may  be  due  to  co-contraction.  Maximum  principal  strain  increased  with  height  in  26cm  (595  ±  136 
pstrain),  39cm  (879  ±134  pstrain),  and  52cm  (1077  ±108  pstrain).  Minimum  principal  strain  negatively 
increased  with  height  in  26cm  (-593  ±  86  pstrain),  39cm  (-645  ±  35  pstrain),  and  52cm  (-769  ±  33  pstrain) 
landings.  Maximum  shear  strain  followed  the  same  increasing  trend  in  26cm  (592  ±111  pstrain),  39cm  (760  ±  83 
pstrain),  and  52cm  (899  ±  98  pstrain)  landings. 

CONCLUSION:  The  simulated  results  showed  reasonable  agreement  with  the  recorded  lower  extremity  joint 
angles  and  muscle  activities.  The  calculated  tibial  strains  were  in  reasonable  agreement  with  the  literature.  This 
study  demonstrates  a  valid  non-invasive  method  of  simulating  landing  movement  and  computing  tibial  strain 
produced  during  landing  movements. 

Supported  by  DoD  #W81XWH-08- 1-0587  and  BSU  2009  ASPIRE. 

©201 1  The  American  College  of  Sports  Medicine 
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IXTRODUCTION 

Militar>'  personnel  are  commonly  afflicted  by  lower 
extremiU'  overuse  injuries  such  as  knee  pam  and 
stress  fractures  [1,  2].  Walkmg  uith  heai'y  loads  is 
an  mesatable  part  of  die  military  traimng  and  during 
the  tn’elve-weeks  of  basic  training,  the  combined 
running  and  walkmg  distance  could  exceed  200 
miles  [1].  Therefore,  military  personnel  commonly 
free  physical  challenges  comprised  of  load  carriage 
and  muscle  fatigue. 

Load  carriage  has  been  found  to  alter  gait 
kinematics  [3].  Specifically,  there  are  mcreases  of 
pelvic  anterior  tih.  hip  flexion,  and  knee  flexion 
angles  at  heel  strike  [3,  4].  Ground  reaction  forces 
and  ground  reaction  loadmg  rates  are  also  mcreased 
during  loaded  walkmg  [3,  S].  Muscle  fatigue  has 
also  been  found  to  alter  running  kinematics  with 
increases  of  hip  and  knee  angles  at  heel  strike  [6,  7]. 
Durmg  frngued  walkmg.  vertical  ground  reaction 
force  and  loading  rate  are  found  to  mcrease  [8]. 
Further,  frngued  muscles’  abihty  to  attenuate 
impact  loadmg  is  decreased  [9]. 

Thus,  under  the  influences  of  load  carriage  and 
muscle  fatigue,  the  lower  extremities  are  exposed  to 
increased  ground  reaction  impact  forces  with 
mcreased  loadmg  rate  during  walking.  The  risk  of 
lower  extremity  mjury  may  be  mcreased.  However, 
it  is  yet  to  be  determined  if  the  lower  extremiti'  jomt 
kinetics  are  altered  as  a  result  of  load  carriage  and 
muscle  frngue.  Anals-zmg  lower  extremitv-  jomt 
kinetics  during  loaded  and  frngued  walkmg  will 
broaden  our  knowledge  on  the  potential  causes  for 
development  of  lower  limb  mjunes  during  mihtary 
traimng. 

The  purpose  of  the  study  was  to  mvestigate  the 
lower  exnermti'  jomt  kmehes  during  loaded  and 
frngued  walking.  As  the  I'ertical  ground  reaction 
force  and  loadmg  rate  are  mcreased  durmg  wei^t 


acceptance,  it  is  expected  that  die  lower  extiemitv' 
jomt  kmencs  will  be  altered  to  accommodate  the 
mcreased  external  impact  loadmg. 

METHODS 

Eighteen  healthy  male  subjects  (age:  21  ±  2  yr.; 
body  mass:  79  =  11  kg:  body  height:  181  ±  4  cm) 
participated  m  the  study.  Subjects  wore  military' 
boots  and  participated  m  a  frhguing  protocol  which 
involved  a  series  of  metered  step-ups  and  heel  raises 
while  wearing  a  16  kg  rucksack.  Subjects 
performed  the  fbllowmg  tasks  m  sequence:  5-mm 
unloaded  walkmg:  5-mm  loaded  walkmg  uith  a  32 
kg  rucksack:  Fanguing  protocol;  5-min  loaded 
walkmg  with  a  32  kg  mcksack  under  frtigue:  5-mm 
unloaded  walkmg  under  frngue.  All  w'alkmg  tasks 
were  performed  at  1.67  m's  on  a  force  instrumented 
treadmill  (AM  11).  A  15 -camera  system  (VICON) 
was  used  to  track  reflective  markers  placed  on  the 
human  body  at  120  Hz.  Ground  reaction  forces 
were  collected  at  2400  Hz.  Visual  3D  (C-Motion) 
was  used  to  calculate  lower  extremity  joint  kmehes. 
The  following  variables  were  analyzed;  peak  knee 
and  hip  extensor  moments  and  peak  knee  and  hip 
jomt  jiow'ers  durmg  w'eight  acceptance  of  w'alkmg. 
Two-way  repeated  measures  ANOVAs  were 
performed.  Load  carnage  and  fahgue  were  the 
independent  factors,  a  =  0.05. 

RESLXTS  .\XD  DISCI  SSION 

No  mteractions  were  found  between  load  carriage 
and  frtigue  (P  >  0.05).  Load  carnage  led  to 
significant  mcreases  of  knee  and  hip  extensor 
moments,  knee  and  hip  jomt  powers  (P  <  0.001) 
(Table  1).  Fahgue  did  not  lead  to  changes  in  knee 
extensor  moment  and  knee  jomt  power  (P  >  0.05) 
but  resulted  m  significant  mcreases  of  hip  extensor 
moment  and  hip  jomt  power  (P  <  0.01)  (Table  1). 
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In  tim  study,  we  found  the  knee  extensor  moment 
mcreases  as  a  partial  mechanism  to  absorb  the 
increased  ground  impact  forces  durmg  loaded 
walkmg.  Therefore,  during  long-distance  loaded 
walking,  it  is  possible  that  the  increased  knee  power 
absorption  along  with  hi^  magnitudes  of  impact 
forces  could  expose  the  mihtary  recruits  to 
increases  of  overuse  knee  mjuries.  We  also  found 
die  hip  joint  exhibited  increased  extensor  moment 
and  joint  power  magmtude  durmg  weight 
acceptance.  As  mcreased  peliic  anterior  tilt  is 
associated  with  load  carnage  [4],  the  mcreased  hip 
extensor  moment  may  be  used  to  decelerate  the 
mcreased  pehic  anterior  hit  at  heel  strike. 

During  fahgued  walking,  the  h^  extensor  moment 
and  power  mcrease  durmg  weight  acceptance.  The 
increased  hip  extensor  moment  may  be  used  to 
stabilize  the  pel'vis  and  elevate  the  center  of  mass. 
Also,  the  mcreased  hip  extensor  moment  can  help 
stabilize  the  femur  and  prevent  knee  flexion  durmg 
weight  acceptance.  Interestingly,  Fatigue  does  not 
lead  to  alteration  of  knee  extensor  moment  and  knee 
power  absorption  durmg  weight  acceptance.  Thus, 
the  mcreased  vertical  groimd  reaction  force  during 
fatigued  walking  may  be  attenuated  by  lower  leg 
bone  structures  such  as  the  nbu. 

In  summary,  during  wei^t  acceptance,  load 
carriage  leads  to  alterations  of  knee  and  hq>  joint 


kmencs:  Fatigue  leads  to  alterahons  of  h^  kmehcs. 
The  altered  lower  extrermt>' joint  kmencs  associated 
with  load  carnage  and  fatigue  may  be  related  to  the 
high  mcidence  of  lower  extremit>'  overuse  mjuries 
m  the  military 
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Table  1:  Means  and  SDs  of  Peak  knee  and  hip  extensor  moments  and  peak  knee  and  hip  jomt  powers  during 
w'eight  acceptance  of  walkmg. 


Variables 

Unloaded  and 
Unfarigned 

Loaded  and 
Unfatigned 

Loaded  and 
Fattgned 

Unloaded  and 
Fatigued 

Knee  extensor  moment  (Nmkg)* 

0.88  (0.20) 

1.61  (0.37) 

1.63  (0.42) 

0.90  (0.25) 

Hip  extensor  moment  (Nmlig)*  # 

1.54  (0.41) 

2.26  (0.42) 

2.38  (0.42) 

1.85  (0.48) 

Knee  joint  p>ower  (U^  'lg)* 

-1.34  (0.37) 

-2.65  (1.40) 

-2.76  (1.06) 

-1.39  (0.54) 

Hip  joint  power  (W^'kg)*  # 

1.03  (0.36) 

1.69(0.61) 

1.97  (0.64) 

1.47  (0.49) 

Note.  *  mdicates  significant  di^erence  betn’een  loaded  and  unloaded  walkmg  condihons  (P  <  0.00);  ^  mdicates 
significant  difference  between  fiitigued  and  unfahgued  w'alkmg  condihons  (P  <  0.01). 
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Appendix  H 

Abstract  presented  at  the  35*  Annual  Meeting  of  American  Society  of  Biomechanics  (ASB)  in  Long 
Beach,  CA,  August  10-  August  14,  201 1 

Title:  A  Time-efficient  Method  for  Analyzing  Bone  Strain  with  Large  Subject  Pools 
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INTRODUCTION 

Bone  strain  is  a  useful  measurement  when 
investigating  overuse  mjuries  such  as  stress  fracture 
[1].  In-\ivo  data  for  bone  stiam  is  difficult  to  obtam 
due  to  the  invasiveness  of  surgical  procedures  and 
even  when  such  studies  can  be  conducted, 
inteipretation  of  data  from  implanted  strain  staples 
and  gauges  is  non-tii\'ial  [2]. 

Due  to  the  difficulties  in  measuring  in-vho  strain 
diere  has  been  some  momentum  m  utilizing 
numerical  modeling  methods  to  mvestigate  stram. 
Fimte  element  modeling  (FEM)  has  been  used  in 
past  mvestigations  m  conjunction  with  mechamcal 
testmg  of  cadaver  specimens  to  mvestigate  certam 
aspects  of  bone  stress  and  stram.  This  methodologs' 
is  qmte  time  consummg  conqiutationally,  however, 
and  can  be  difficult  to  use  m  conjunction  with 
subject- specific  kinematic  and  kinetic  data,  thus 
limiting  its  application  in  investigations  requiring 
large  subject  pools. 

Recent  wodi  has  been  done  to  overcome  the 
computational  time  and  de-couplmg  of  FEM  mputs 
b)'  A1  Nazer  and  Rlodowski  using  a  flexible  body  in 
conjunction  nath  a  subject-specific  musculoskeletal 
model  [3].  The  data  and  methods  presented  m  these 
papers  still  suffer  from  limitations  of  small  sample 
size  and  using  simulation-generated  ground  reaction 
forces,  however,  and  do  not  present  methods  to 
manage  large  sets  of  data. 

It  is  the  purpose  of  this  paper  to  present  a  time- 
efficient  methodology  of  calculating  bone  stram 
utilizing  subject-specific  tibial  geometry  and 
material  properties  derived  from  computed 
tomography  (CT)  scans  and  musculoskeletal  models 
driven  by  expenmental  kinematic  and  kinetic 
aqmts.  Data  and  computational  tunes  from  a  smgle 


subject  and  gait  trial  will  be  presented  as  an 
example  of  how  this  mediodologs'  can  be  used  with 
implications  for  automation  across  large  cohorts. 

METHODS 

A  representathe  subject  from  a  larger  study  on 
tibial  stress  fracture  w'as  used  to  describe  this 
process.  All  experimental  procedures  were 
approved  by  the  University's  Institutional  Resaew 
Board  and  the  subject  signed  an  informed  consent 
form.  The  subject  was  a  21  year  old  male. 

CT  scans  weie  collected  for  the  entue  length  of  the 
tibia  usmg  a  GE  Light  Speed  VCT  (General 
Electric.  USA).  Images  were  segmented  m  Munics 
12.1  (Materialise.  Belgium),  a  surface  mesh 
automatically  generated,  and  a  3mm^  solid 
hexahedral  mesh  generated  from  that  surface  mesh 
using  MD  MARC  2008  (RISC.  Software.  Santa  Ana. 
CA).  An  automated  custom  MATLAB  routine  was 
used  to  assign  material  densits'  and  elastic  modulus 
to  each  indhadual  element  of  the  mesh  based  on  the 
average  Hounsfield  umt  value  of  the  pixels 
contained  within  each  element:  dus  process  was 
automated  across  the  full  cohort  for  die  larger  study 
as  well.  Six  bundled  matenal  properties  were  used 
m  this  assignment  with  300  each  bemg  considered 
cortical  bone  [4]  and  300  cancellous  [S]. 

Motion  capture  data  were  collected  usmg  a  cluster- 
based  marker  set  at  120Hz  while  the  subject  walked 
at  1.67m''s  on  an  m-line  AMTI  force  instrumented 
treadmill  collecting  analog  data  at  2400Hz. 

A  scaled  lower-body  model  was  buib  using 
LifeMOD  2008.2805  (Lifemodeler.  San  Clamente. 
CA)  based  on  the  subject  characteristics  [6].  Twenty 
three  muscles  were  then  added  to  die  right  leg  [7]. 
The  tibia  constructed  m  MARC  was  dien  exported 
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and  manually  aligned  m  die  mosculoikeletal  model 
using  digitized  landmarks.  Relatn'e  locations  of 
relevant  attachment  sites  were  then  exported  and 
apphed  to  the  F£M  tibia  m  hlARC  using  an 
automated  P>'thon  script  and  a  Craig-Bampton 
modal  analysis  performed  with  6  degrees  of 
freedom  applied  to  each  “joint”  node.  This  process 
was  automated  using  the  MD  ADAXIS  command 
language  and  references  to  text  files  containing 
subject  characteristics  and  tibia  node  numbers. 

An  inverse-kinematic  (IK)  trial  was  performed 
usmg  experimental  trajectoiy  data  to  set  kinematic 
goals  for  muscle  and  joint  controllers  and  then  the 
modal  neutral  frle  imported  to  ahgn  with  three 
known  points  m  the  musculoskeletal  model  The 
rationale  for  using  an  \INF  is  described  more  fiilly 
in  [8].  A  forward  dynamic  simulation  was  then 
performed  using  mverse-kinematic  results  as  targets 
and  experimental  ground  reaction  forces  applied. 
Strains  were  dien  calculated  using  the  Durability 
plug-in  for  MD  AD  AXIS  View  (MSC.  Software. 
Santa  Ana,  CA).  This  IK  through  stram  calculation 
process  was  automated  using  the  MD  ADAXIS 
command  language  and  automated  across  the  larger 
cohort  usmg  MATLAB  and  the  Wmdows  command 
Ime. 

RESIXTS  -\M)  DISCI  SSION 

Stram  and  stram  rate  data  generated  by  the  model 
frU  well  uithm  expected  values  for  gait.  An 
example  stride  of  stram  data  is  shown  m  Figure  1 
and  results  summarized  m  Table  I. 
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Figure  1:  A  representative  stance  phase  of  strain 
data. 
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The  methods  utilized  m  this  study  are  time  efficient 
and  highly  automatable.  User  interaction  is  required 
through  software  only  to  segment  CT  images 
(though  this  is  largely  automated),  select  nodes  for 
which  to  compute  strain  data,  and  to  orient  the  tibia 
model  within  the  musculoskeletal  model  These 
tasks  collectively  take  less  than  one  hour  per  subject 
for  an  exp>erienced  operator.  Simulation  tunes  for 
this  mediod  were  easily  manageable  for  large 
groups,  takmg  only  S.5  mmutes  per  5  seconds  of 
gait.  Calculation  of  strains  in  Durability  took  only 
O.S  seconds  per  node  for  a  5  second  gait  trial.  With 
well-planned  software  automation  utilizing  scriptmg 
capabihdes  of  MARC,  LifeMOD,  and  hlATLAB, 
large  volumes  of  data  can  be  handled  reasonably  for 
stram  studies  requirmg  large  sample  sizes. 
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Appendix  I 

The  following  manuseript  was  published  in  Journal  of  Military  Medieine,  177(2),  2012 
Title:  Influenee  of  Fatigue  and  Load  Carriage  on  Meehanieal  Loading  during  Walking 
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Influence  of  Fatigue  and  Load  Carriage  on  Mechanical 
Loading  During  Walking 

He  Wang,  PhD*;  Jeff  Frame,  MS*;  Elicia  Ozimek,  MS';  Daniel  Leib,  MSf;  Eric  L  Dugan,  PhDf 


ABSTRACT  Load  carriage  and  muscular  fatigue  are  two  major  stressors  experienced  by  military  recruits  during 
basic  training.  The  purpose  of  this  study  was  to  assess  the  influences  of  load  carriage  and  muscular  fatigue  on  ground 
reaction  forces  and  ground  reaction  loading  rates  during  walking.  Eighteen  healthy  males  performed  the  following  tasks 
in  order:  unloaded  and  unfatigued  walking,  loaded  and  unfatigucd  walking,  fatiguing  exerci.sc,  loaded  and  fatigued 
walking,  and  unloaded  and  fatigued  walking.  The  fatiguing  exercise  consisted  of  a  series  of  metered  step-ups  and  heel 
rai.scs  with  a  16-kg  rucksack.  Loaded  walking  tasks  were  performed  with  a  32-kg  rucksack.  Two-way  repeated  measures 
analysis  of  variances  were  used  to  determine  the  effects  of  fatigue  and  load  carriage  on  ground  reaction  forces  and 
loading  rales.  Muscular  fatigue  has  a  significant  influence  on  peak  vertical  ground  reaction  force  and  loading  rate 
(p  <  0.01).  Load  carriage  has  a  significant  influence  on  peak  ground  reaction  forces  and  loading  rales  (p  <  0.001).  As 
both  muscular  fatigue  and  load  carriage  lead  to  large  increases  of  ground  reaction  forces  and  loading  rales,  the  high 
incidence  of  lower  extremity  overuse  injuries  in  the  military  may  be  associated  with  muscular  fatigue  and  load  carriage. 


INTRODUCTION 

Military  personnel  arc  commonly  afflicted  by  lower  extrem¬ 
ity  overuse  injuries.'"^  Major  overuse  injuries  such  as  stress 
fracture  could  result  in  significant  medical  cost  and  loss 
of  training  days  to  Ihe  military  organizations.'*  The  high  inci¬ 
dence  of  lower  extremity  overuse  injuries  in  the  military  is 
associated  with  high  volume  and  high  intensity  of  physical 
training.'"^  Loaded  long-distance  running  and  walking  are  a 
major  part  of  the  strenuous  training  protocol  during  basic 
training.  The  combined  mileage  of  walking  and  running 
during  a  12-week  basic  training  could  exceed  200  miles.' 
Mechanical  impact  loadings  from  the  ground  such  as  the 
ground  reaction  force  and  the  loading  rate  are  introduced 
during  heel  strikes  of  walking/running.  The  high  volume  of 
repetitive  ground  impact  forces  experienced  by  military  per¬ 
sonnel  may  contribute  to  increased  risk  of  lower  extremity 
overuse  injuries.  In  fact,  it  was  reported  that  high  magnitude 
ground  reaction  forces  and  loading  rales  could  lead  to 
increased  risk  of  lower  extremity  overuse  injuries. 

Common  overuse  injuries  occurring  during  basic  training 
include  knee  pain,  back  pain,  and  stress  fracture.^  Stress  frac¬ 
tures  are  among  the  severe  lower  extremity  musculoskeletal 
injuries  demanding  extended  periods  of  recovery.^'®  The 
injury  rate  of  stress  fractures  during  basic  training  is  approx¬ 
imately  6%  in  the  U.S.  Army®  and  could  be  as  high  as  3 1  %  in 
the  Israeli  Army.’  Stress  fracture  is  a  result  of  excessively 
repetitive  loads  acting  on  the  bone,  leading  to  fatigue- 
induced  bone  microdamage. It  has  been  proposed  that 
when  loading  accumulates  at  a  faster  rate  than  the  bone's 
remodeling  process,  microdamage  accumulates  and  micro- 
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cise  Science.  Ball  State  University.  2000  W.  University  Avenue.  Muncie, 
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scopic  cracks  are  formed  and  propagated  in  the  bone.®  Bone 
strength  is  weakened  during  this  stage,  and  a  stress  fracture 
may  eventually  occur.'  Loading  rate  is  an  important  mechan¬ 
ical  factor  related  to  stress  fracture  development. '■®’" 
Increased -ground  reaction  loading  rate  has  been  linked  to 
tibial  stress  fracture  in  female  runners.'^*  High-magnitude 
loads  are  also  found  to  be  associated  with  stress  fracture,'”® 
and  runners  with  a  history  of  stress  fracture  tend  to  exhibit 
greater  ground  reaction  forces.^  Thus,  ground  reaction  force 
and  ground  reaction  loading  rate  may  be  two  important 
mechanical  factors  related  to  tibial  stress  fracture. 

Skeletal  muscles  play  an  important  role  in  the  attenuation 
of  loads  applied  to  the  skeletal  system.  During  weight  accep¬ 
tance  in  activities  such  as  running  and  drop  landing,  leg 
muscles  contract  eccentrically  to  attenuate  ground  reaction 
impact  forces.'®  Muscular  fatigue  decreases  muscle  force 
generation  and  can  reduce  muscle's  ability  to  attenuate 
ground  reaction  impact  forces.'^'*  Although  it  is  possible 
that  muscular  fatigue  may  expose  lower  extremity  to  larger 
mechanical  loads  during  impact-related  activities,  few  stud¬ 
ies  have  been  conducted  to  support  this  hypothesis.  Informa¬ 
tion  in  the  literature  is  limited  and  often  times  contradictory. 
For  example,  it  was  reported  that  muscular  fatigue  resulted 
in  an  increased  vertical  ground  reaction  force  and  ground 
reaction  loading  rate  during  landing'’  and  running.'*  How¬ 
ever,  it  was  also  found  that  muscular  fatigue  could  lead  to  a 
decreased  vertical  ground  reaction  force  and  loading  rate 
during  running.'*  Therefore,  it  is  necessary  to  continue  to 
investigate  if  and  how  muscular  fatigue  affects  ground  reac¬ 
tion  forces  during  activities  involving  repetitive  ground 
impact  loading  such  as  walking. 

Walking  with  load  carriage  has  been  investigated  in  the 
past.®**”®®  Load  carriage  results  in  alterations  of  gait  kine¬ 
matics  such  as  reduced  stride  length,  increased  cadence,  and 
increased  pelvic  tilt  and  hip  flexion.®®’®*  It  was  also  found 
that  walking  with  additional  load  accompanies  with  an 
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increased  vertical  ground  reaction  force.^”’^^  The  increase  of 
vertical  ground  reaction  force  was  proportional  to  the  amount 
of  load  carried.^ Although  it  is  clear  that  heavy  load 
carriage  results  in  increased  ground  reaction  forces,  the  influ¬ 
ence  of  load  carriage  on  ground  reaction  loading  rates  has  yet 
to  be  determined. 

Further,  the  combined  effect  of  fatigue  and  load  carriage 
on  ground  reaction  forces  needs  to  be  examined.  It  is  not 
known  if  there  is  an  interaction  between  the.se  two  factors. 
Determining  the  characteristics  of  ground  reaction  forces 
when  both  effects  of  fatigue  and  load  carriage  are  presented 
will  expand  our  understanding  on  mechanisms  of  lower 
extremity  overuse  injuries. 

During  basic  training,  the  strenuous  training  protocol 
exposes  military  recruits  to  significant  physical  fatigue.^^  In 
addition,  walking  with  heavy  load  is  always  an  important  part 
of  the  training.^’  Prolonged  walking  with  load  carriage  could 
lead  to  significant  neuromuscular  impairment. “  Thus,  fatigue 
and  load  carriage  are  two  major  stressors  experienced  by 
military  recruits.  Given  the  high  incidence  of  overuse  injuries 
during  basic  training  and  the  injury  mechanisms  are  far  from 
understanding,  it  is  warranted  to  investigate  the  effects  of 
fatigue  and  load  carriage  on  ground  reaction  forces.  It  is 
possible  that  the  fatigue  and  load  carriage  may  have  negative 
effects  on  ground  reaction  forces  during  walking. 

Therefore,  the  purpose  of  this  study  was  to  investigate  the 
influences  of  fatigue  and  load  carriage  on  ground  reaction 
forces  and  ground  reaction  loading  rates  during  walking. 
We  hypothesized  that  there  would  be  an  increased  vertical 
ground  reaction  force  and  incrca,scd  ground  reaction  loading 
rates  during  walking  in  a  fatigued  state.  Also,  there  would  be 
increased  ground  reaction  forces  and  ground  reaction  loading 
rates  during  walking  with  load  carriage. 

METHODS 

This  study  is  a  part  of  a  larger,  ongoing  research  project 
investigating  the  effects  of  fatigue  and  load  carriage  on  walk¬ 
ing  biomechanics.  Eighteen  healthy  college  male  participants 
were  recruited  to  the  study.  The  means  and  standard  devia¬ 
tions  (SDs)  of  age,  body  mass,  body  height,  and  VO2  max  of 
participants  were  21(2)  years,  77.6(9.6)  kg,  181(4)  cm,  and 
51.4(5.3)  mL  kg“‘  min“',  respectively.  Participants  were 
recreationally  active,  classified  as  low  risk  for  cardiovascular 
diseases  according  to  American  College  of  Sports  Medicine 
guidelines,^*  and  free  from  known  musculoskeletal  injury. 
All  participants  met  the  military  enlistment  standards  in 
terms  of  physical  conditions.^’  In  addition,  the  age,  body 
mass,  body  height,  and  fitness  level  (VO2  max)  of  our  partic¬ 
ipants  were  comparable  to  those  military  recruits  entering  the 
U.S.  Army  ba.sic  training.^  Institutional  Research  Board 
approval  was  obtained  before  commencing  the  study. 

A  tandem  force  instrumented  treadmill  (AMTI  Advanced 
Mechanical  Technology,  Watertown,  Massachusetts)  with  two 
force  platforms  installed  under  the  tandem  belts  was  used 
to  control  the  walking  speed  at  1.67  m/s,  while  allowing  the 
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ground  reaction  forces  to  be  detected.  Reflective  markers 
were  attached  on  both  sides  of  the  body  in  the  following 
locations  to  track  the  walking  movement:  acromion,  sternum, 
anterior  superior  iliac  spine,  posterior  superior  iliac  spine,  lat¬ 
eral  knee,  lateral  ankle,  heel,  base  of  the  fifth  metatarsal,  and 
base  of  the  second  toe.  In  addition,  two  cluster  marker  sets 
were  attached  on  the  thigh  and  shank,  respectively.  Fifteen 
VICON  MX  and  F-2()s  series  cameras  (VICON,  Denver, 
Colorado)  were  used  to  track  the  reflective  markers  in  the 
space.  VICON  Nexus  (V  1.4.1 16)  was  used  to  collect  kine¬ 
matic  data  at  1 20  Hz  and  ground  reaction  forces  at  2,400  Hz. 

Participants  wore  compression  shorts,  a  compression  shirt, 
and  military  boots  (Altama  Mil  Spec  De.sert  3  Layer  boot) 
during  the  experiment.  Participants  walked  at  a  self-selected 
pace  on  the  force-instrumented  treadmill  for  5  minutes  to 
warm  up.  After  the  warm-up,  participants’  maximal  vertical 
jump  heights  were  assessed  by  using  a  Vertec  (Sports  Imports, 
Columbus,  Ohio).  Three  attempts  were  made  and  the  highest 
of  the  three  was  used  to  determine  the  80%  of  the  jump 
height.  TTie  general  experimental  protocol  consisted  of  tasks 
in  the  following  order;  (a)  5-minute  normal  walking  in  an 
unloaded  and  unfatigued  state  (UU);  (b)  5-minute  walking  in 
a  loaded  and  unfatigued  (LU)  state  with  a  32-kg  rucksack 
(Modular  Lightweight  Load-Carrying  Equipment;  Specialty 
Defense  System,  Dunmore,  Pennsylvania);  (c)  fatiguing  pro¬ 
tocol;  (d)  5-minute  walking  in  a  loaded  and  fatigued  state 
(LF)  with  a  32-kg  rucksack;  (e)  5-minute  walking  in  an 
unloaded  and  fatigued  state  (UF).  The  32-kg  load  carriage 
used  in  this  study  repre.sented  a  typical  approach/marching 
load  experienced  by  the  military  personnel.^'  The  fatiguing 
protocol  was  carried  out  after  the  completion  of  the  loaded 
walking  task  and  immediately  followed  by  the  LF  walking 
task.  No  rest  time  was  given  between  the  tasks.  The  treadmill 
speed  was  set  at  1.67  m/s  for  all  participants  in  all  conditions. 
Ten  trials  were  collected  during  the  5-minute  interval  of  each 
walking  condition. 

The  goal  of  the  fatiguing  protocol  was  to  induce  a  signifi¬ 
cant  level  of  muscular  fatigue  in  the  lower  extremities,  defined 
as  a  decline  of  muscle  force  output  in  response  to  voluntary 
effort.’^  Therefore,  participants  completed  circuits  that  included 
loaded  .stepping  and  heel  raises.  The  stepping  protocol  was 
based  on  a  modified  Queens  College  Step  Test  procedure;^ 
specifically,  the  participant  performed  the  test  while  wearing 
a  16-kg  rucksack  (Modular  Lightweight  Load-Carrying 
Equipment.  Sprecialty  IDefensc  System),  the  step  height  was 
set  at  1 6  inches,  and  the  participant  stepped  up  and  down  at  a 
rate  of  24  cycles  per  minute.  One  cycle  was  defined  as  step 
up  with  first  leg,  step  up  with  second  leg,  step  down  with  first 
leg,  and  step  down  with  second  leg.  The  first  leg  was  alter¬ 
nated  to  ensure  even  loads  across  both  legs.  The  participant 
performed  this  stepping  sequence  until  he  could  no  longer 
match  the  cadence  of  the  metronome.  At  this  time,  the  partic¬ 
ipant  completed  20  heel  raises  standing  at  the  edge  of  a  box. 

Following  the  heel  raises,  the  participant  removed  the 
rucksack  and  completed  a  maximal  effort  vertical  jump  using 
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the  Vertec  to  quantify  the  level  of  fatigue.  This  sequence  was 
repeated  until  the  participant’s  maximal  vertical  jump  fell 
below  80%  of  the  maximal  jump  height.  Researchers  pro¬ 
vided  verbal  encouragement  throughout  the  protocol  in  an 
effort  to  elicit  maximal  effort  from  the  participant. 

Experimental  data  were  processed  in  Visual  3Dv4.0 
(C-Motion,  Germantown,  Maryland).  The  following  depen¬ 
dent  variables  were  analyzed:  peak  vertical  ground  reac¬ 
tion  force,  peak  anteroposterior  (braking)  ground  reaction 
force,  peak  vertical  ground  reaction  loading  rates,  and  peak 
anteroposterior  (braking)  ground  reaction  loading  rates  during 
weight  acceptance  of  the  stance.  Ground  reaction  forces  were 
filtered  using  a  zero-lag  Butterworth  filter  with  a  cutoff  fre¬ 
quency  of  40  Hz.  Ground  reaction  loading  rates  were  calcu¬ 
lated  between  20%  and  80%  of  the  period  between  heel  strike 
and  peak  ground  reaction  forces  (vertical  and  anteroposterior) 
during  weight  acceptance  of  walking.*'  Peak  ground  reaction 
loading  rate  was  the  peak  loading  rale  occurring  during  the 
period.  In  addition,  the  ground  reaction  forces  and  ground 
reaction  loading  rates  were  normalized  to  body  weight. 

SPSS  vl6  (SPSS,  Chicago,  Illinois)  was  used  to  perform 
statistical  analysis.  Two-way  repeated  measures  analysis 
of  variance  was  used  to  determine  the  effects  of  fatigue  and 
load  carriage.  Bonferoni  correction  was  used  to  perform  the 
pairwise  comparisons  for  deptendent  variables.  Significance 
level  was  set  at  0.05. 

RESULTS 

No  interaction  was  found  between  the  effects  of  load  car¬ 
riage  and  fatigue  for  peak  vertical  ground  reaction  force 
(p  =  0.589),  peak  braking  ground  reaction  force  (p  =  0.239), 
peak  vertical  gntund  reaction  loading  rale  (p  =  0.240),  and 
peak  braking  ground  reaction  loading  rate  (p  =  0.307).  The 
fatigue  had  a  significant  effect  on  peak  vertical  ground  reac¬ 
tion  force  (p  <  0.001  ).The  load  carriage  had  a  significant 
effect  on  both  peak  vertical  and  braking  ground  reaction 
forces  (p  <  0.001).  Furthermore,  the  fatigue  had  a  significant 
effect  on  peak  vertical  ground  reaction  loading  rate  (p  =  0.003) 
and  a  near  significant  effect  on  peak  braking  ground  reaction 
loading  rate  (p  =  0.084).  The  load  carriage  had  a  significant 
effect  on  both  the  peak  vertical  and  braking  ground  reaction 
loading  rates  (p  <  0.001). 

The  means  and  SDs  of  the  mechanical  loading  variables  at 
weight  acceptance  during  the  four  walking  conditions  are 


presented  in  Table  I.  The  UF,  LU,  and  l.F  conditions  showed 
large  increa.se  of  peak  vertical  ground  reaction  force  (6%,  5 1  %, 
and  57%,  respectively)  than  the  UU  condition  (p  =  0.002, 
p  <  0.001,  p  <  0.001,  respectively).  Both  the  LU  and  LF 
conditions  showed  large  increase  of  peak  braking  ground 
reaction  force  (52%  and  48%,  respectively)  than  the  UU  con¬ 
dition  (p  <  0.001).  Furthermore,  the  peak  vertical  ground 
reaction  loading  rates  of  the  UF,  LU,  and  LF  conditions  were 
29%  (p  =  0.045),  1 10%  (p  <  0.001),  and  124%  (p  <  0.001), 
which  is  greater  than  that  of  the  UU  condition,  respectively. 
The  peak  braking  ground  reaction  loading  rates  of  the  UF,  LU, 
and  LF  conditions  were  23%  (p  =  0.007),  86%  (p  <  0.001),' 
and  93%  (p  <  0.001),  which  is  greater  than  that  of  the  UU 
condition,  respectively. 

DISCUSSION 

The  purpose  of  the  study  was  to  assess  the  effects  of  muscu¬ 
lar  fatigue  and  load  carriage  on  ground  reaction  forces  and 
ground  reaction  loading  rates  during  walking.  In  this  study, 
muscular  fatigue  was  introduced  through  a  fatiguing  protocol 
consisting  of  a  series  of  stepping  exercise  and  heel  raise 
.exercise.  A  32-kg  rucksack  was  added  to  the  body  to  repre¬ 
sent  the  load  carried.  Participants  performed  the  following 
four  walking  tasks:  UU  walking,  LU  walking,  LF  walking, 
and  UF  walking.  The  influences  of  the  muscular  fatigue  and 
load  carriage  on  ground  reaction  forces  and  loading  rates 
were  then  assessed. 

During  the  fatiguing  exerci.se,  participants  reached  a 
fatigued  state  if  they  were  not  able  to  jump  to  80%  of  their 
maximal  prefatigue  jump  heights.  It  is  known  that  mus¬ 
cular  fatigue  dccrea.ses  muscle  force  generation  and  can 
reduce  muscle’s  ability  to  attenuate  ground  reaction  impact 
forces. Thus,  we  hypothesized  that  there  would  be  an 
increase  of  peak  vertical  ground  reaction  force  during  weight 
acceptance  of  walking  in  a  fatigued  state.  Our  hypothesis  was 
supported.  In  this  study,  we  found  that  leg  muscle  fatigue  had 
a  significant  effect  on  peak  vertical  ground  reaction  force. 
The  effect  of  muscle  fatigue  on  walking  movement  was 
not  documented  well  in  the  past.  However,  studies  investi¬ 
gating  running  and  drop-landing  types  of  activities  have 
reported  that  muscle  fatigue  led  to  increase  of  ground  impact 
forces.'^  '*  Our  findings  are  in  agreement  with  these  studies 
and  confirmed  that  walking  in  a  fatigued  state  is  accompa¬ 
nied  by  increased  vertical  ground  reaction  force.  Specifically, 


TABLE  I.  Mean-s  and  SD.s  of  Peak  Vertical  and  Braking  Ground  Reaction  Forces  and  Peak  Vertical  and  Braking  Ground  Reaction 
Loading  Rates  of  the  UU.  UF,  LU.  and  LF  Conditions  During  Weight  Acceptance  of  Walking 


UU 

UF 

LU 

LF 

Peak  Vertical  Ground  Rcactinn  Force  (BW) 

1.27(0.06) 

1.35(0.11)" 

1.92(0.18)" 

1.99(0,19)" 

Peak  Braking  Ground  Reaction  Force  <BW) 

0.23  (0.03) 

0.24  (0.03) 

0.35  (0.06)" 

0.34  (0.06)" 

Peak  Vertical  Ground  Reaction  Loading  Rate  (BW/s) 

16.81  (3.40) 

21.75(7.92)" 

.35.29  (12.07)" 

37.58(11.92)" 

Peak  Braking  Ground  Reaction  Loading  Rate  (BW/s) 

7.98(1.61) 

9.78  (2.06)" 

14.81  (5.89)" 

15.44(4.36)" 

"Indicates  significant  difference  from  the  UU  condition  (/>  <  U.t)5). 
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there  was  a  6%  increase  of  peak  vertical  ground  reaction 
force  at  weight  acceptance  during  UF  walking. 

We  further  hyprathesized  that  the  leg  muscle  fatigue  influ¬ 
ences  the  peak  ground  reaction  loading  rates.  This  hypothesis 
was  supported.  We  found  that  leg  muscle  fatigue  had  a  signif¬ 
icant  effect  on  the  peak  vertical  ground  reaction  loading  rate, 
in  addition,  leg  muscle  fatigue  showed  a  tendency  to  affect 
the  peak  braking  ground  reaction  loading  rate  (p  =  0.084).  In 
particular,  compared  to  UU  walking,  during  the  UF  walking, 
there  were  29%  and  23%  increase  in  peak  vertical  and  brak¬ 
ing  ground  reaction  loading  rates,  respectively.  Our  results 
are  in  agreement  with  previous  studies, which  reported 
that  fatigue  led  to  increase  of  vertical  ground  reaction  loading 
rate  during  running  and  drop-landing  activities. 

Although  there  have  not  been  many  .studies  investigating 
the  fatigue  effect  on  ground  reaction  forces  and  loading  rates 
[luring  itnpact-related  activities,  the  majority  of  the  studies 
reported  increase  of  ground  impact  forces  and  loading  rates 
during  activities  such  as  running  and  drop  landing.'*""* 
However,  contradictory  results  have  also  been  reported.*'”. 
In  the  study  conducted  by  Gerlach  et  al,”  decreased  ground 
impact  force  and  loading  rates  were  shown.  The  changes  in 
ground  impact  forces  were  thought  to  be  the  results  of  altered 
running  cadence,  step  length,  and  lower  extremity  Joint  kine¬ 
matics.”  It  is  worth  noting  that  runners  recruited  in  Gerlach’s 
study  were  experienced  runners.”  It  is  possible  that  experi¬ 
enced  runners  know  how  to  adjust  their  running  kinematics  to 
reduce  the  chance  of  increasing  ground  impact  forces  associ¬ 
ated  with  muscle  fatigue.  In  our  study,  we  recruited  a  group 
of  college  students  who  had  no  experience  of  military  basic 
training  as  well  as  no  experience  of  walking  under  the  influ¬ 
ence  of  fatigue.  Thus,  findings  from  our  study  imply  that  when 
participating  in  unfamiliar  training  programs  consisting  of 
fatigued  walking,  minimally  conditioned  trainees  may  experi¬ 
ence  increa.sed  vertical  ground  reaction  force  and  loading  rate. 

In  this  study,  we  also  assessed  the  effect  of  load  carriage 
on  ground  reaction  forces.  We  hypothesized  that  walking 
with  a  32-kg  rucksack  would  result  in  the  increase  of  ground 
reaction  forces.  Our  hypothesis  was  supported.  We  found 
that  load  carriage  had  a  significant  effect  on  ground  reaction 
forces.  Specifically,  there  were  50%  increase  of  the  peak  ver¬ 
tical  and  braking  ground  reaction  forces  at  weight  acceptance 
during  the  LU  walking  when  compared  to  the  UU  walking. 
Results  from  this  study  are  also  consistent  with  the  findings 
from  previous  studies."'’’"'* 

Although  the  characteristics  of  ground  reaction  loading 
rates  during  loaded  walking  have  not  been  analyzed  in  the 
past,  we  did  expect  that  the  load  carriage  would  lead  to 
increased  ground  reaction  loading  rates  at  weight  acceptance 
of  walking.  Not  surprisingly,  we  found  that  load  carriage  led 
to  significant  increase  of  peak  ground  reaction  loading  rates 
during  walking.  In  particular,  when  compared  to  UU  walk¬ 
ing,  the  LU  walking  exhibited  a  1 10%  increase  of  peak  verti¬ 
cal  ground  reaction  loading  rate  and  an  86%  increase  of  peak 
braking  ground  reaction  loading  rate. 
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In  this  study,  there  was  no  interaction  between  the  fatigue 
and  load  carriage  effects  for  the  ground  reaction  forces  and 
loading  rates.  Similar  to  the  effects  of  fatigue  and  load  car¬ 
riage,  the  combined  effect  of  fatigue  and  load  carriage  led  to 
significant  increase  of  ground  reaction  forces  and  loading 
rates.  Compared  to  UU  walking,  there  were  57%  and  48% 
increase  of  vertical  ground  reaction  force  and  braking  ground 
reaction  force  associated  with  the  LF  walking,  re.spectively. 
The  increase  of  ground  reaction  loading  rates  were  even  more 
pronounced  with  the  loading  rate  more  than  doubled  ( 124%) 
in  the  vertical  direction  and  almost  doubled  (93%)  in  the 
anteroposterior  direction.  Therefore,  lower  extremities  were 
exposed  to  great  mechanical  loads  at  fast  rates  during  the 
LF  walking. 

High  vertical  ground  reaction  force  and  loading  rate  are 
biomechanical  risk  factors  for  lower  extremity  overu.se  inju- 
ries.*’’"^  Thus,  training  under  the  influences  of  fatigue  and 
load  carriage  could  increase  the  risk  of  developing  overuse 
injuries.  Among  the  common  overuse  injuries  experienced 
by  military  recruits,  stress  fracture  has  been  identified  as 
severe  and  leads  to  significant  loss  of  training  days.*’’  Tibial 
.stress  fracture  contributes  to  a  majority  of  the  stress  fracture 
reported  in  the  past.’^'”  As  increased  mechanical  load  and 
loading  rate  lead  to  increase  of  bone  strain  and  .strain 
rate,'"’"’^  heavy  load  carriage  and  muscle  fatigue  resulting  in 
increased  ground  reaction  forces  and  loading  rates  may  be 
associated  with  the  high  incidence  of  tibial  stress  fracture 
in  the  military.  Interestingly,  the  percentage  increase  of  the 
ground  reaction  loading  rates  were  more  pronounced  than 
the  increase  of  the  ground  reaction  forces  during  the  loaded 
and/or  fatigued  walking.  With  increased  loading  rates,  there 
may  be  a  reduction  of  the  ground  impact  energy  absorbed 
by  leg  muscles  tltrough  their  eccentric  contractions.  The  lower 
extremity  skeleton  may  have  to  absorb  an  increased  portion 
of  the  ground  impact  energy.  Thus,  the  risk  of  developing 
stress  fracture  may  be  increased.  In  fact,  high  vertical  ground 
reaction  loading  rate  was  linked  to  tibial  stress  fractures  in 
runners.^  Future  research  .should  address  the  possibility  that  it 
may  be  the  increase  in  the  mechanical  loading  rate  rather 
than  the  load  magnitude  that  contributes  to  an  increased  risk 
of  tibial  stress  fractures. 

A  limitation  of  the  study  must  be  addressed  here  as  the 
participants  had  no  experience  of  walking  with  load  carriage; 
the  results  from  this  study  are  only  applicable  to  less-conditioned 
military  recruits  entering  the  Army  basic  training.  It  is  possi¬ 
ble  that  experienced  load  carriers  may  demonstrate  different 
ground  reaction  force  patterns  that  may  not  increa.se  the  like¬ 
lihood  of  lower  extremity  injury  during  training.  Future  stud¬ 
ies  could  focus  on  examining  experienced  load  carrier's 
walking  biomechanics  and  develop  optimal  training  programs 
based  on  individuals  experience  and  conditions. 

In  conclusion,  under  the  influences  of  load  carriage 
and  muscle  fatigue,  participants  demonstrated  increased 
ground  reaction  forces  and  ground  reaction  loading  rates 
during  walking. 
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(No  relationships  reported) 

Mililaiy  recruits  ate  commonly  afflicted  by  lower-exlremity  overuse  injuries  such  as  tibial  stress  fracture  (TSF).  In  particular,  recruits  with  low  levels  of  fitness  arc  at  a  higher  risk.  Thus,  it  is 
advisable  to  precondition  recruits  before  basic  training.  Running  and  basketball  are  common  exercises  to  improve  physical  conditioa  However,  patterns  of  ground  impact  loading  are  different 
between  running  and  playing  basketball  Multi-directional  loading  in  basketball  may  lead  to  bone  adaptation  and  reduce  the  risk  of  TSP.  As  loaded  walking  a  major  task  in  basic  training 
exposes  recruits  to  high  ground  impact  forces  leading  to  increased  risk  of  injury,  it  is  important  to  examine  if  and  how  physical  activity  histoiy  (PAH)  of  tunning  or  basketball  iniluenoes 
ground  impact  forces  during  loaded  walking. 

Pl'RP().SK;  To  determine  differences  in  vertical  ground  reaction  force  (VGRP)  and  loading  rate  (VlJl)  during  loaded  walking  between  runners  and  basketball  players. 

MKTHODS:  Forty  recreational  runners  (tt2Q.  2li2  yr.)  and  basketball  players  (tt=20. 2li2  yr.)  participated  in  this  study.  Participants  completed  fourwalking  tasks  in  the  following  order: 
walking  with  0kg  (WOO).  15kg  (W  IS).  25kg  (W25).  and  35kg  (W35)  loads.  Each  task  was  performed  for  5  min  on  a  force  instrumented  treadmill  (AMTI)  at  1.67  nVs.  Peak  VGRF  and  VLR  at 
weight  acceptance  were  normalized  to  body  weight  (BW).  Two-way  repeated  measures  ANOVAs  were  performed.  a= 0.05. 

RLSILTS;  No  statistical  differences  in  VGRF  attd  VLR  were  found  between  the  two  groups  (P>0.05).  Increasing  load  carried  had  a  significant  effect  on  VGRF  and  VLR  (P<0.00l ).  As  load 
carried  increased  linear  increases  of  VGRF(L29±0.06.  L57f0.l  1,  L77±0.22.  and  L99±0.19  BW  for  WOO.  W15.  W25.  and  W.35.  respectively)  and  VLR  (17.92±3.72. 215l±5.02. 27.0I±8.33. 
and  3L56±7. 18  BW/s  for  WOO.  W15,  W25.  and  W35.  respectively)  were  observed  (PcO.OOl). 

CONCLUSION:  The  significant  increases  of  mechanical  loading  and  loading  rate  are  proportional  to  the  increment  of  load  carried  Despite  differences  in  activity  loading  patterns  between 
runners  and  basketball  players,  there  were  no  differences  in  mechanical  loading.  Future  studies  should  examine  aspects  of  how  PAH  influences  mechanical  responses  of  tibia  during  loaded 
walking  to  improve  the  understanding  of  TSF.  US  ARMY#W8IXWH-08- 1-0587 
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THE  EFFECTS  OF  LOAD  CARRIAGE  AND  FATIGUE  ON  FRONTAL-PLANE  KNEE 

MECHANICS  DURING  WALKING 

'  He  Wang,  '  Jeff  Frame,  ^Elicia  Ozimek,  ^Daniel  Leib,  and  ^Eric  Dugan, 

^Ball  State  University,  ^Boise  State  University 
email:  hwang2@bsu.edu 


INTRODUCTION 

Military  personnel  are  commonly  afflicted  by  lower 
extremity  overuse  injuries  [1,  2],  Overuse  knee 
conditions  are  among  the  most  common  injuries 
during  basic  training  [3],  Walking  with  heavy  loads 
is  an  inevitable  part  of  the  military  training,  and 
during  the  twelve -weeks  of  basic  training,  the 
loaded  running  and  walking  distance  could  exceed 
200  miles  [1],  Therefore,  military  personnel  have  to 
face  physical  challenges  comprised  of  load  carriage 
and  muscle  fatigue. 

During  walking,  the  knee  joint  experiences  an 
external  adduction  moment  [4].  Earge  varus  knee 
loading  leads  to  cartilage  degeneration  and  medial 
knee  osteoarthritis  (OA)  [5,6,7].  Thus,  the  long¬ 
term  effect  of  repetitive  high  varus  knee  loading 
could  lead  to  medial  knee  OA;  in  the  short  term, 
walking  with  large  varus  knee  loading  could  result 
in  knee  pain. 

Eoad  carriage  increases  vertical  ground  reaction 
force  (GRF)  during  walking  [8,9].  Walking  in  a 
fatigue  state  also  results  in  increased  vertical  GRF 
[10].  It  is  possible  that  under  the  influences  of  load 
carriage  and  muscle  fatigue,  the  knee  joint  may 
experience  increased  internal  mechanical  loading. 
However,  it  is  unclear  whether  load  carriage  and 
fatigue  result  in  an  increase  of  varus  knee  loading 
during  walking. 

Analyzing  frontal-plane  knee  mechanics  during 
loaded  and  fatigued  walking  will  broaden  our 
knowledge  on  the  potential  causes  of  developing 
lower-extremity  overuse  injuries  such  as  overuse 
knee  conditions  during  military  training. 

The  purpose  of  the  study  was  to  investigate  the 
frontal-plane  knee  mechanics  during  loaded  and 
fatigued  walking.  As  the  vertical  GRF  is  increased 
during  both  the  loaded  and  fatigued  walking 


[8,9,10],  it  was  hypothesized  that  there  would  be 
increased  internal  knee  abductor  moments  during 
loaded  and  fatigued  walking. 

METHODS 

Eighteen  healthy  male  subjects  (age:  21  ±  2  yr.; 
body  mass:  77.6  ±  9.6  kg;  body  height:  181  ±  4  cm) 
participated  in  the  study.  Subjects  wore  military 
boots  and  participated  in  a  fatiguing  protocol  which 
involved  a  series  of  metered  step-ups  and  heel  raises 
while  wearing  a  16  kg  rucksack.  Subjects 
performed  the  following  tasks  in  sequence:  5-min 
unloaded  walking;  5-min  loaded  walking  with  a  32 
kg  rucksack;  Fatiguing  protocol;  5-min  loaded 
walking  with  a  32  kg  rucksack  under  fatigue;  5-min 
unloaded  walking  under  fatigue.  All  walking  tasks 
were  performed  at  1.67  m/s  on  a  force  instrumented 
treadmill  (AMTI).  A  15-camera  system  (VICON) 
was  used  to  track  reflective  markers  placed  on  the 
human  body  at  120  Hz.  Ground  reaction  forces 
were  collected  at  2400  Hz.  Visual  3D  (C-Motion) 
was  used  to  calculate  lower  extremity  joint 
mechanics.  The  following  variables  were  analyzed: 
peak  hip  and  knee  adduction  angles,  peak  hip  and 
knee  abductor  moments  during  weight  acceptance 
of  walking.  Two-way  repeated  measures  ANOVAs 
were  performed.  Eoad  carriage  and  fatigue  were  the 
independent  factors,  a  =  0.05. 

RESULTS  AND  DISCUSSION 

No  interactions  were  found  between  load  carriage 
and  fatigue  for  all  the  dependent  variables  (P  > 
0.05).  Load  carriage  led  to  significant  increases  of 
hip  adduction  (P  <  0.05),  hip  and  knee  abductor 
moments  (P  <  0.001)  (Table  1).  Fatigue  did  not  lead 
to  changes  in  hip  and  knee  adduction  angles  and 
abductor  moments  (P  >  0.05)  (Table  1). 

Frontal-plane  knee  mechanics  is  altered  during 
loaded  walking.  There  is  a  large  internal  abductor 
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moment  introduced  at  weight  acceptance.  The 
increased  internal  abductor  moment  may  be  related 
to  the  increased  GRF  passing  through  medial  side  of 
the  knee.  As  the  internal  abductor  moment 
increases,  medial  compartment  of  the  knee  is  under 
large  compression.  Increased  stress  in  medial  knee 
results  in  cartilage  degeneration  and  onset  of  medial 
knee  OA  [5,6,7].  During  a  12-week  military 
training,  the  accumulated  loaded  walking/ruiming 
distance  exceeds  200  miles  [1],  the  repetitive  large 
medial  knee  loading  may  inflict  cartilage  damage  in 
medial  knee  and  result  in  knee  pain. 

In  this  study,  we  also  found  that  the  load  carriage 
results  in  alterations  of  frontal-plane  hip  mechanics. 
There  is  an  increase  of  hip  adduction  during  weight 
acceptance  of  loaded  walking.  Increasing  hip 
adduction  stretches  gluteus  medius  and  enhances 
the  muscle’s  ability  to  stabilize  the  pelvis.  Indeed, 
large  hip  abductor  moment  is  associated  with 
loaded  walking.  However,  increasing  hip  adduction 
also  stretches  tensor  fasciae  latae  on  the  lateral  side 
of  the  hip.  As  load  carriage  results  in  increased  knee 
flexion  at  weight  acceptance  of  walking  [8],  the 
friction  between  the  lateral  femoral  condyle  and  the 
illio-tibial  band  (ITB)  could  be  elevated.  Thus, 
during  loaded  distance  walking,  it  is  possible  that 
increased  hip  adduction  combined  with  cyclic  knee 
flexion  may  lead  to  ITB  syndrome. 

Interestingly,  the  effect  of  fatigue  on  frontal-plane 
knee  mechanics  is  insignificant.  Although  it  was 
reported  that  there  is  an  increased  GRF  associated 
with  fatigued  walking  [10],  the  increased  GRF  may 


be  positioned  close  to  the  center  of  the  knee.  Thus, 
there  is  no  alteration  of  the  external  adduction 
moment. 

In  summary,  at  weight  acceptance,  load  carriage 
leads  to  alterations  of  frontal-plane  hip  and  knee 
mechanics.  The  increases  of  hip  adduction  and  knee 
abductor  moment  could  be  the  causes  of  overuse 
knee  conditions,  which  are  common  during  military 
training. 
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Table  1:  Means  and  SDs  of  Peak  hip  and  knee  adduction  angles  and  abductor  moments  during  weight 
acceptance  of  walking. 


Variables 

Unloaded  and 
Unfatigued 

Loaded  and 
Unfatigued 

Loaded  and 
Fatigued 

Unloaded  and 
Fatigued 

Hip  adduction  angle  (deg)* 

9.3  (3.2) 

10.3  (3.6) 

10.2  (3.1) 

9.5  (3.2) 

Knee  adduction  angle  (deg) 

-1.4  (2.9) 

-1.1  (2.9) 

-1.4  (2.6) 

-1.9  (2.9) 

Hip  abductor  moment  (Nm/kg)* 

1.60  (0.18) 

2.18(0.38) 

2.22  (0.35) 

1.66  (0.24) 

Knee  abductor  moment  (Nm/kg)* 

0.84  (0.18) 

1.15  (0.32) 

1.10(0.36) 

0.83  (0.22) 

Note.  *  indicates  significant  difference  between  loaded  and  unloaded  walking  conditions  (P  <  0.05). 
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The  Influence  of  Physical  Acthit>'  History  on  Ground 
Reaction  Force  during  Running 

Henr>’  Wang.  Clark  Dickin  Ryan  Hubble.  Jeff  Frame.  Ball  State 
University,  Muncie,  IN. 

(No  relationships  retorted) 

Military  recruits  are  commonly  afBicted  b>'  overuse  usuries  such  as  tibial  stress 
fracture  (TSF).  Low  frtness  lesels  b  a  risk  frictor  for  TSF,  thus,  it  is  adsisable  to 
precondition  recruits  before  basic  training  (BT).  Running  and  basketball  are  common 
forms  of  exercise  for  ph>'sical  conditioning.  The  multi-directional  loadings  m 
basketball.  \'s.  the  unidirectional  loadings  in  running  may  promote  a  different  oserall 
development  of  bone  density  and  consequently  different  le\els  of  the  tibia’s  ability  to 
resist  unaccustomed  loadings  during  BT.  To  date,  the  effect  of  physical  acthity  history 
(PAH)  of  running  or  basketball  on  impact  loadings  is  imclear.  It  is  >et  to  be  determined 
whether  habitual  runners  adapt  to  miming  and  exhibit  lowered  impact  loadings,  which 
may  limit  bone  density  gains  overtime. 

PLKPOSE:  To  deteimine  differences  in  the  vertical  ground  reaction  force  (\'GRF) 
and  loading  rate  (VLR)  during  running  betu'een  runners  and  basketball  players. 
METHODS;  Forty  recreational  runners  (n=20,  21±2  yr.)  and  basketball  players 
(n=20,  21±2  yr.)  participated  in  this  study.  Participants  lan  for  5  minutes  on  a  force 
mstrumented  treadmill  at  3.4  m's.  The  VGRFs  and  \'LR  at  stance  were  noimalized  to 
body  weight  (BW).  One-way  ANOVAs  were  perfoimed.  a  =  0.05. 

RESIXTS:  Signifrcant  differences  in  VGRF  and  VLR  were  found  between  groups 
(P:T).05).  The  runners  exhibited  a  lower  impact  VGRF  (1.65±0.05  BW  \"s.  1.81±0.05 
BXl,').  active  VGRF  (2.43±0.20  BWx-s.  2.57±0.16  B\l’).  and  VXR  (81.62±22.11  BW/s 
•S’S.  95.91±16.12  BW.^s)  than  those  of  the  ball  players. 

CONCLUSION:  Habitual  runners  can  adapt  to  the  running  em'ironment  with 
decreased  impact  forces,  uhich  could  lower  risks  of  o\'eruse  injuries.  This  improved 
efficiency  however,  may  result  m  reduced  bone  density  leveh  in  some  areas.  Thus, 
when  a  nosul  loading  environment  (e  g.  loaded  walking)  b  introduced,  runners’  tibia 
bones  may  need  to  accelerate  the  remodeling  process  to  account  for  the  altered  loading. 
Thb  may  resuh  in  an  increase  of  stress  related  bone  problems  (e.g.  TSF)  during  BT. 
Accustomed  to  the  multi-directional  loading  environmem.  ball  players  may  be  more 
resilient  to  uncustomaiy  loadings  during  BT  and  have  fewer  TSF  than  runners.  Future 
studies  should  examine  the  influence  of  PAH  on  tibia  bone  strength  and  densit>’.  US 
AR\ri'#W81X\l’H-08-l-0587 
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The  Effects  of  Load  Carriage  and  Muscle  Fatigue  on 
Lower-Extremity  Joint  Mechanics 
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Miliai>  penonnel  are  commonly  afflicted  by  la««r-exvemily  ovyiuk  injuries.  Ijoad  carriage 
and  muscular  farigue  are  major  stressors  during  miliaiy  basic  training.  Purpose;  Toexamine 
effects  of  load  carriage  and  muscular  fatigue  on  lower-extremity  joint  mechanics  during 
walking.  Nkthod:  Eighteen  men  performed  tfie  following  tasks:  unloaded  walking,  walking 
witha  32-kg  load,  fatigued  walking  with  a32-kg  load, and  fatigued  walking.  After  the  second 
walking  tmk,  muscle  fatigue  was  eliciad  through  a  fatiguing  protocol  consisting  of  metered 
step-ups  and  heel  raises  witha  16-kg  load.  Each  walking  task  was  performed  at  I  j67  ms~'  for 
3  min.  Walking  movement  was  tracked  by  a  VICON  motion  capture  system  at  120Hz.  Ground 
reaction  forces  were  ooDecad  by  a  andem  force  instrumented  treadmill  (AMTf)  at  2,4(K)  Hz. 
Lower-extremity  joim  mechanics  were  calculated  in  Vi.sual  .3D.  Results;  There  was  no 
interaction  between  loadcairi^ge  and  fatigue  on  lower-ex vemity  joim  mechanics (p  >  jQS). 
Both  load  carriage  and  fatigue  led  id  prorKMinoed  alterations  of  lower-extrenuty  joim 
mechanics  (p  <  .OS).  Load  carriage  resulted  in  increases  of  pelvis  anterior  tilt,  hip  and  kiae 
flexion  ai  heel  oontact,  and  inaeases  of  hip,  knee,  and  anklejoint  moments  and  poweis  during 
weight  aoceptance.  Musde  fatigue  led  to  decreases  of  ankle  dorsiflexion  at  heel  contact, 
dorriflexor  momem,  and  joim  power  at  weight  acceptance.  In  addition,  muscle  fatigue 
inaea.sed  demand  for  hip  extensor  momem  and  power  at  weight  acceptance,  ('oncludon; 
Statistically  signilicam  changes  in  lower-extremity  joim  medianics  during  loaded  and 
fatigued  walking  nuy  expose  military  personnel  to  inaeased  risk  for  ovenise  injuries. 

Key  words;  gait,  joim  loading,  kinetics 


Military  personnel  are  cummonly  afflicted  by  lower-cxliemity 
overuse  injuries  (Jtmes  et  al.,  1993;  Jones,  Harris,  Vinh,  & 
Rubia  1989;  Knapik,  Reynolds,  &  Harmua  2004).  The  high 
incidence  of  lower-extremity  overuse  injuries  in  the  military  is 
a.s.sociatcdwilh  high  volume  and  intensity  of  physical  training, 
during  which  the  comUned  mileage  of  kxidcd  walking  and 
runniitg  often  exceeds  200  niiles(320  km:  Jones  et  al.,  1989). 
As  large-magnitude  gmund  reaction  forces  and  loadiitg  rtXes 
have  been  related  to  lower-extiemity  injuries  (Grimsttm, 
Ertgsberg,  &  Hanley,  1991;Jtiieselal.,  1989;  Milner,  Ferher, 


Sdbmited  July  17,  2012;  accepted  Deoenih€r  10,  2012. 
Cmeipciidefice  i^icndd  be  addm.ird  k>  lie  Waf^.  Sctionl  of  Phyxical 
nducaCicHi,  SfKwt,  and  BKeraxe  Scienoc;  BaB  Stole  Univenily,  2000  W. 
Uiiveniiy  Avenue,  Muicv,  IN  47306.  Ivinadl:  hwang206!«iedu 


Pollard,  Hamill,  &  Davis,  2006),  large  volumes  of  repetitive 
high  gnxmd-impuct  forces  enctxintoed  during  basic  training 
could  furtho'  increase  the  risk  ft*  lower-extiemity  overuse 
injuries  in  the  military. 

Ctmmon  overuse  injuries  diKumenled  during  basic 
training  include  knee  puia  back  paia  and  stress  fracture 
(Knapik  et  al.,  2001).  SevxMe  injuria  such  as  stress  fractures 
demand  extended  periods  of  lecoveiy  and  high  medical  cosLs 
(Brukner,  Benncll,  &  Mathesmi,  1999).  Although  on  the 
surface  it  seems  that  ahntamal  external  loadirrgs  such  as 
repetitive  high-impact  Races  may  conirihute  to  lower- 
extremity  overuse  injuries,  injury  mechanisms  are  still  for 
fain  bdirg  understtHxl.  In  particular,  the  influences  of  training- 
relaled  sbessors  such  as  load  carriqge  and  fotigue  on  lower- 
exuemity  joint  mechanical  loadings  need  to  be  examined. 
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During  mililur)’  basic  truining,  (he  strenunus  (ruining 
pm((K'ol  exposes  mili(ur>'  recruLs  (o  signi(icun(  musculur 
('u(igue  (Blacker,  Fallowlield,  Bikcm,  &  Willems,  2010).  In 
uddi(ion,  walking  wi(h  a  heus'y  loud  is  always  an  importun( 
part  of  (he  (raining  (Wilkinsoa  Ray  son,  &  Bil/on,  2(K)8). 
Prolonged  walking  wi(h  loud  carriage  could  lead  (o 
signilicun(  neuromuscular  impuirmen(  (Blacker  et  ul., 
2010).  Thus,  muscular  fu(igue  and  load  carriage  are  (wo 
major  s(resst)rs  experienced  by  military  recruits.  AI(hough 
large  ex(emal  ground-impuc(  forces  associa(ed  wi(h  load 
carriage  and  muscle  fuligue  are  linked  (o  an  increased  risk 
f(T  os'eruse  injuries  (Wang,  Frame,  O/Jmek,  Leib,  &  Dugan, 
2012),  al(eru(i(ns  of  lower-exbemily  joinl  mechanics  c<xild 
resuU  in  deveUfiing  overuse  injuries.  Therefore,  il  Is 
necessary  (o  examine  effects  of  fuligue  and  load  carriage 
lower-ex(remi(y  jtxnl  mechanics  during  waUdrig. 

The  eifect  iif  Uxid  cirriage  on  guil  mechanics  has  been 
insrsligukrd.  Il  was  reporled  (hu(  loud  carriage  results  in 
alleralions  of  guil  kinemilics  (Birrell  &  Huslum,  2009; 
Kinrwhila  1985).  Carrying  addilional  loads  leads  (o  reduced 
siride  leriglh,  increased  cadence,  and  increased  pelvic  (ill  and 
hip  flexion  (Binell  &  Haslam,  2009;  Kinoshila,  1985).  The 
effect  of  load  carriage  on  guil  kinetics  was  also  analyzed  with 
gniund  reaction  foica  as  (he  fcKUs  (Birrell,  HcMiper,  & 
Haslam,  2007;  Harman,  Han,  Frykman,  &  Pandrrf,  2000; 
Kimwhila  1985;  Pol  cynetal,  2002;Tilbury-Dasis&  Htxrper, 
1999;  Wang  et  al.,  2012).  1(  was  repswled  that  Uiud  carriage 
results  in  increased  valical  gniund  reaction  firces  (Birrell 
el  al,  2007;  Harman  et  al.,  2000.  Polcyn  el  al.,  2002;  Wurig 
et  al,  2012).  The  increase  in  vertical  gniund  reaction  ftirces  is 
pniportional  to  the  amcxrni  of  loadciiried  (Polcynet  al.,  2002; 
Tilbury-DavLs  &  Hrxiper,  1999).  In  addition,  load  carriage 
leads  to  large  increases  of  ground  reaction  Uxiding  rates;  and 
the  percent  inciease  of  loudirrg  rates  is  more  pninounced  than 
the  percert  increase  of  ground  reaction  forces  (Wurtg  el  ul., 
2012).  However,  informatioi  related  to  the  effect  of  loud 
carri  itge  on  I ower-extremity  joi  nl  kinetics  is  1  imited.  1 1  Is  yet  to 
be  determined  whether  lower  exiremilies  increase  power 
ubstrption  to  attenuate  the  inercased  ground-impact  forces 
during  loaded  walking. 

Skeletal  muscles  play  an  impsiilani  nile  in  altenuali<«i  of 
external  loadirig.  During  loading  re^inseofrunninganddrxfi 
lundirig,  leg  muscles  ccnU'act  eccenUically  to  attenuate 
gniund-impuci  fcTces  (Simpsoa  Ciapprni,  &  Wang,  1999). 
Muscular  fatigue  decreases  muscle  hirce  generutirm  and  the 
muscle's  ability  to  attenuate  ground-impact  fcrces(  Verbitsky, 
Mi/rahi,  VoUKhin,  Treiger,  &  Isakov,  1998;  VoIcKhin, 
Mi/rahi,  Verbitsky,  &  Isakw,  1998).  Alterations  of  lower- 
exUemity  joint  kinematics  were  observed  during  impact- 
related  activities  perfrrmed  in  a  fatigued  state.  It  was  repealed 
that  (here  are  churtges  in  ruming  kinematics  assiK'iuled  with 
muscle  fatigue  (Christina  While,  &  Gilchrist,  2001 ;  Derrick, 
Dereu,  &  Mclean,  2002;  Mi/rahi,  Verhibky,  IsakrTV,  &  Daily, 
2000).  Specifically,  the  kree  joint  beccanes  stiff  with  less 
flexion  during  weight  accepturae  (Mi/rahi  et  al.,  2000);  the 


ankle  joint  shows  less  dersiflexion  al  heel  ccaituct  (Christina 
el  al.,  2001 ).  Mraeover,  chartges  in  gmund  reaction  forces  and 
Uaidirrg  ntleswere  aLsoobservedduring  activities  performed  in 
a  hiligued  slate  (Christina  et  ul,  2001;  James,  Dulek,&  Bates, 
1994;  Wang  et  al.,  2012).  In  particular,  muscular  fatigue 
results  in  increases  of  vertical  ground  reaction  forces  and 
gnxrnd  reaction  loadirig  rates  during  landing  (James  et  ul., 
1994),  running  (Christina  et  ul.,  2001),  and  walking  (Wang 
et  al.,  2012).  To  date,  there  is  very  limited  informutirxi  with 
regard  to  the  effeci  of  fatigue  on  lower-extremity  joint  kinetics 
during  walking.  It  is  yet  to  be  determined  whether  there  are 
alterations  of  lower-extremity  joint  loadirig  during  weight 
acceptance  of  liiigued  walking. 

Further,  (lie  ctanbined  effect  of  load  carriage  and 
muscular  fatigue  cm  lower-extremity  joint  mechanics  needs 
to  be  examined.  It  is  not  clear  if  there  is  an  interaction 
betw  een  these  two  factors.  Determining  the  combined  effeci 
of  fatigue  and  loud  carriage  («i  lower-extremity  joint 
mechanics  will  broaden  our  understanding  of  the  mechan¬ 
isms  of  lower-extremity  overuse  injuries. 

The  first  purpose  of  this  study  was  to  examine  (he 
influence  of  load  carriage  on  lower-extremity  joint 
mechanics  during  walking.  We  hypiXhesi/ed  that  there 
wxiuld  be  altenitions  of  lower-extremity  j<iint  mechanics 
during  loaded  walking.  Specifically,  we  expected  there 
would  be  changes  in  joint  angle,  moment,  and  power  in  the 
sagittal  plane  during  loading  re^^onse.  The  seernd  purpose 
of  this  study  was  to  determine  the  effeclof  musculur  fuligue 
on  lower-exUemily  joint  mechanics  during  walkirig.  We 
hypvXhesi/ed  that  there  wxiuld  be  alterations  in  joint 
mechanics  during  fatigued  walking.  In  particular,  we 
expected  to  see  changes  in  joinl  angle,  moment,  and 
power  in  the  sagittal  plane  durirrg  loadirig  response. 

METHOD 

Eighteen  healthy  college  mule  participants  were  recruited  to 
the  study.  The  means  and  standard  deviatirms  (SDs)  of  age, 
bvidy  mass,  bxxly  height,  and  maximal  oxygen  consumption 
(VChmax)  of  participants  were  21  years  (SD  =  2),  77.6  kg 
(SD  =  9.6),  181cm  (SD  =  4),  and  51.4  mlkg~'-min~ 
(SO  =5.3),  re»pectively.  Participants  were  recTeatirmally 
active,  classified  us  I<m  risk  for  cardiovascular  diseases 
accerding  to  the  American  College  of  Spxrts  Medicine 
(ACSM)  guidelines  (ACSM's  guidelines,  2008),  and  free 
from  known  musculoskeletal  injury,  in  addition,  the  age, 
body  mass,  IxxJy  height,  and  fitness  level  (VO^max)  of  (he 
participants  were  comparable  to  military  recruits  entering 
the  basic  (raining  program  (Sharp  el  ul,  2002).  Institutiraial 
review  board  approval  was  rfotuined  prior  to  commercing 
the  study.  Participants  signed  an  informed  cxmsenl 
dtK'umenl  befrae  testing. 

A  tandem  force  insU-umenIcd  treadmill  (AMTI, 
Advanced  Mechanical  Technology,  Inc,  Watertown.  MA) 
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with  Iwx}  force  plalfuims  instiillcd  under  the  lundetn  belts 
was  used  to  control  the  walking  speed  at  1.67  m  s"'  while 
allowing  ground  reochon  forces  to  be  collected.  Reflective 
markers  were  attached  on  b<4h  sides  of  the  body  in  the 
following  hKolions  to  track  the  walking  movement: 
acromion,  sternum,  anterior  superior  iliac  •qiine,  posterior 
superior  iliac  <^ine,  lateral  knee,  lateral  ankle,  heel,  base  of 
the  fifth  metatarsal,  and  base  of  the  second  toe.  In  addititm. 
two  cluster  marker  sets  were  attached  the  thigh  and 
shank,  respectively.  Fifteen  VICON  MX  and  F-3l>s  scries 
cameras  were  used  to  track  the  reflective  markers  in  the 
space.  VICON  NEXUS  (V  1.4.116;  VICON.  Denver.  CO) 
was  used  to  collect  kinematic  data  at  l20Hz  and  ground 
reochon  forces  at  2,400 Hz. 

Participants  wore  compression  shorts,  acompressum  shirt, 
and  military  Ihh<.s  (Altama  Mil-Spec  Desert  3  Layer  b<Kit) 
during  the  experiment.  Participants  walked  at  a  self-selected 
pace  on  the  face  instrumented  treadmill  fa  5 min  to  worm 
up.  After  the  warm-up,  participants’  maximal  vertical  jump 
heights  wxae  assessed  by  using  a  Vcrtec  (Sprits  Imports  LLC, 
Columbus  OH).  Three  attempts  were  mode  and  the  highest  of 
the  three  was  used  to  dcteimine  80%  of  the  jump  height.  The 
general  experimental  prokcol  consisted  of  tasks  in  the 
following  rrder  (a)  5-min  mrmal  wol  king  in  an  unloaded  and 
unfutig ued  state ;  (b)  5-min  walking  in  a  larded  and  unfutig ued 
state  with  a  32-kg  nicksock  (MOLLE,  Specialty  Defense 
System.  Dunmore.  PA);  (c)  feitiguing  pnltKol;  (d)  5-min 
wolkiitg  in  a  loaded  and  fatigued  state  with  a  32-kg  rucksack; 
and  (e)  5-min  wolkiitg  in  on  unloaded  and  hitigued  state.  The 
32-kg  load  carriage  used  in  this  study  represented  a  typical 
appniacIVmarching  load  experienced  by  military  personnel 
I  Harmon  et  ol.,  1999).  The  fatiguing  pixltKol  was  carried  out 
after  the  completion  of  the  loaded  walking  task  and  was 
immediately  followed  by  the  lorded  and  fatigued  walkiiig 
task.  No  rest  time  was  given  between  the  tasks.  Ten  IrioLs  wxrre 
collected  during  each  walking  task.  A  trial  was  defined  asa7-s 
data  collect  iot. 

The  god  of  the  fatiguing  piukrcol  was  to  induce  a 
significant  level  of  muscular  fatigue  in  the  lower 
extremities,  defined  as  a  decline  of  muscle  force  output  in 
response  to  voluntary  effol  (Biglond-Ritchie  &  WikkIs, 
1984).  Therefore,  participants  conpletcd  circuiLs  that 
included  loaded  stepping  and  heel  raises.  The  stepping 
pnikK'ol  was  based  on  a  modi  fied  Qireens  Qrllege  Step  Test 


pixKedure  (McArdle,  Katch,  &  Katch,  2007).  Specifically, 
the  participant  perfomed  the  test  while  wearing  a  16-kg 
rucksack  (MOLLE,  Specialty  Defense  System,  Dunmoe, 
PA),  the  step  height  was  set  at  16  inches  (40.64  cm),  and  the 
participant  stepped  up  and  down  at  a  nrte  of  24  cycles  per 
minute.  One  cycle  was  defined  as  step-up  with  first  leg,  step- 
up  with  secoid  leg,  step-dovn  with  first  leg,  and  step-down 
with  second  leg.  The  first  leg  was  alternated  to  ensure  even 
Uiids  across  b<ith  legs.  The  participant  perfrrmed  this 
stepping  sequeiK'e  until  he  could  no  longer  mutch  the 
cadence  of  the  metnmome.  At  this  time,  the  participant 
completed  20  heel  raises  standing  at  the  edge  of  a  box. 

Following  the  heel  raises,  the  participant  removed  the 
rucksack  and  ctmpleted  a  muximal-efhirt  vertical  jump 
using  the  Vcrtec  (Spxits  Imports,  LLC,  Columbus,  OH)  to 
quantify  the  level  of  fatigue.  This  sequetxe  was  repeated 
until  the  participant’s  maximal  verticoljump  fell  below  80% 
of  his  maximal  jump  height.  Researchers  provided  vxrrbal 
encouragement  throughout  the  prokcol  to  elicit  maximal 
effort  fnim  the  participant. 

Experimentaldata  werepniressedin  Visual  3D  Version4.0 
(C-Motion,  Germantown,  MD).  Gixirnd  reochon  ftixcs  were 
filtered  using  a  zenvlag  Butterwxrth  filter  with  a  cutoff 
frequency  of  40  Hz.  Kinemahc  viriables  analyzed  were  pelvis 
onteriortilt,  hip  flexion,  knee  flexuii.ankledorsiflexitii  at  heel 
strike,  and  maximum  knee  flexitii  at  weight  acceptarrce 
Kinetic  variables  included  hip  and  knee  extensiT  moments, 
ankle  dxrsiflexor  moment,  hip-jxint  powxn'  pniduclion,  and 
knee  and  ankle-joint  powxrr  ahstrption  at  weight  acceptance 
Joint  mcirtents  and  powxrrs  were  ntrmolized  to  bxdy  mass. 

The  Statistical  Package  f<T  the  Sercial  Sciences  Versixm 
16  (SPSS,  Inc.,  Chicago,  IL)  was  used  to  perhrrm  statistical 
analysis.  A  t  wxvway  repeated-measures  analy  sis  of  variance 
(ANOVA)  was  cxnducted  to  determine  theeffecisof  fatigue 
and  load  caniugc.  The  sphericity  assumption  of  the 
repeated- measures  ANOVA  is  met  as  there  are  only  two 
levels  assxK'iated  with  the  independent  hictors.  Results  wxne 
presented  as  means  {SD).  A-priori  a  was  set  at  <  .05. 

RESULTS 

Means  and  SDs  of  lower-extremity  kinematics  and  kinetics 
during  stance  of  walking  ore  presented  in  Table  I  and 


TABLE  1 

Means  and  Standard  Oev>atons  (SCb)oil  tve  Lztwer-Extrermy  Joel  Arvgtesoltne  Untoaded  and  UntaliguedfUU).  Unoadedarxt  Fatigued  (UF). 
Loaded  and  tNaligued(LU),  artd  Loaded  arvd  Fatgued  (LF)  Corvditione  OurngWeit^  Acceptance  ot  Waatog 


UU 

UF 

W 

IS 

IVIvix  JDlenor  III  M  heel  cxiKkI  (degrees) 

*R(5.9) 

I1jO(Kj6) 

20.1  (SjO) 

229  (8j6) 

fie  lien  al  heel  ocnijct  (depcei) 

32.1  <4J) 

28.2(104) 

4S4(S.2) 

40j6(ia9) 

Knee  (texitHi  at  heel  onnWet  (degrees) 

-2JS(3.1) 

-I  .l  (AS) 

39(3.2) 

4.7(49) 

Maximum  Inee  tienon  at  xttnee  (dtgreen) 

19jO(2R) 

30.7  (44) 

24j6(43) 

25jO(5J) 

AiAle  dcnillexiiia  at  heel  omlact  (depees) 

7.7(19) 

5  J  (49) 

7  J  (2.7) 

5j6(3j6) 
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Tabic  2,  respectively.  Table  3  shtAvs  the  F  salucs,  p  valuc\ 
and  partial  eta  squared  s'alues  of  the  lower-extremity  joint 
angles  during  weight  acceptance  of  walking.  Table  4  shenvs 
the  F  values,  p  values,  and  partial  eta  squared  s-alues  of  the 
lower-extremity  joint  moments  and  poweis  during  weight 
acceptance  of  walking. 

There  wa.s  no  interaction  between  load  carriage  and 
muscle  fatigue  for  all  the  dependent  variables  tested 
(Table  3  and  Table  4).  Lxxul  carriage  had  an  effect  rai 
lower-extremity  joint  kinematics  and  kinetics.  Kinemati¬ 
cally,  there  were  increases  of  pelsis  anterior  tilt  hip 
flexion,  and  knee  flexion  at  heel  cortact  and  peak  knee 
flexion  at  stance  (Table  I).  Kinetically,  there  were 
increases  of  hip  and  knee  extensor  mtanents,  increases 
of  hip-joirrt  power  pniduction,  and  incTeases  of  knee  and 
ankle  joint  power  absorption  (Table  2),  Muscle  fatigue 
also  had  an  effect  on  lower-extremity  joint  mechanics. 
Kinematically,  there  was  a  decrease  of  ankle  dorsiflexirai 
at  heel  contact  (Table  I).  Kinetically,  there  were  increases 
of  hip  extensor  moment  and  joint  p<iwer  production  and 
decreases  of  ankle  dorsiflexor  moment  and  joint  power 
absorption  (Table  2). 


DISCUSSION 

The  purpiKe  of  the  study  was  to  assess  effects  of  muscular 
fatigue  and  load  carriage  on  lower-extremity  joint 
mechanics  during  walking.  In  this  study,  muscular  fatigue 
was  intrxrduced  through  a  hitiguitig  prokKol  consistittg  of  a 
series  of  steppirig  exercises  and  heel-raise  exercises.  During 
the  fatiguing  exercise,  participants  reached  a  fatigued  state 
if  they  were  nut  able  to  jump  to  80%  of  their  maximal 
prefatigue  jump  heights.  A  32-kg  rucksack  was  added  to  the 
body  to  irpresent  the  load  carried.  Participants  performed 
the  following  four  walking  tasks;  unloaded  and  unhitigued 
walking,  loaded  and  unfatigued  walking,  loaded  and 
fatigued  walking,  and  unloaded  and  hitigued  walking.  The 
influences  of  muscular  fatigue  and  load  carriage  on  lower- 
extremity  joint  mechanics  weic  then  assessed. 

In  this  study,  we  hypothesized  that  carrying  an  additional 
Uxid  would  alter  lower-extremity  joint  mechanics.  As  we 
expected,  puiticipants  demrnstrated  increased  pelsis  tilt 
knee  and  hip  flexion  at  heel  strike,  and  mote  knee  flexion 
during  weight  acceptance.  These  findings  ate  in  agreement 
with  previous  research  (Harman  et  at,  2080;  Kinoshita, 


TABLE  2 

Means  and  Standard  Oewatiorss  (SCb)  tse  Sagrttai-Pune  Lower-ExTemily  Jont  Moments  artd  Powers  of  ffte  Unloaded  arsd  Unlatigued  (UU). 
Unloaded  arxt  Patgued  (UF).  Loaded  and  Untatgued  (LU),  arxt  Loaded  arsd  Fatigued  (LF)  CorKMions  Ounng  Weignt  Acce(>tarsae  o(  Waaong 


UU 

UF 

LU 

LF 

Hp  exlemcr  iminsait  <Nn>Ac> 

IJ4  <0AI> 

I.8S  (048) 

226(042) 

238  (042) 

Knee  exienmf  nsinienl  (NnVlf ) 

088  <020» 

090  (025) 

161  (037) 

163  (042) 

AiAle  dmiflexkHi  mnnsent  <Nm%g) 

-044(0.12) 

-037  (OlO) 

-045  (0.11) 

-043  (0.11) 

H(p  jnni  power  ivcKluclkHi  <WAg) 

Ij03  (036) 

1.47  (049) 

169(061) 

1.97  (064) 

Knee  jcini  pnsweritimfplini  <W/lg) 

-  134(037) 

-  1.39  (054) 

-2  65(1.40) 

-276(106) 

AiAle  jnnt  power  ilmifplirn  tW/kg) 

-  104(027) 

-082  (032) 

-1.12(030) 

-  lOl  (035) 
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mtett 

FVahtt 

p  thiar 

Partial  fin  Stpiarrd 

Pdvix  inleticT  til  M  heel  onitacr 

Ixiad  Carnage 

70.938 

.001 

807 

Fatigue 

2340 

.145 

.121 

litenctkm 

0.178 

.678 

OlO 

Hp  Ilexim  al  heel  ocnlacl 

Ixiad  Carriage 

289.700 

(Ul 

.945 

Fatigue 

2.799 

.113 

.141 

Interact  kill 

0.752 

.398 

042 

Knee  llexinn  tt  hed  cxMibd 

Ixtad  Carnage 

45363 

.(Ul 

.728 

Fatigue 

2.185 

.158 

.114 

tikeraclkm 

0349 

.469 

031 

Maximum  biee  Heiinn  al  sUnce 

Ixiad  Carriage 

42689 

.001 

.715 

Faague 

3294 

.087 

.162 

Interact  km 

3078 

.097 

.153 

AiAle  (Itniflexinn  M  heel  ocnlacl 

triad  Carnage 

0002 

.952 

OOO 

Fatigue 

5.738 

.(C8 

252 

Interact  km 

0.780 

.389 

044 

78 
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TABLE  4 

FVamee.  p  VaiuM,  and  Panai  Ela  Squared  Vaiues  ol  Two-Way  Repealed- Measures  ANOVA  Tests  tor  Sagitlat-Piarte  Lower-Exvemily  Jomt 

Moment  arxt  Power  Dumg  We<g^  Acceptartce  ol  WaMng 


Vanahirx 

Efftcu 

F  Valur 

p  Wikir 

Farhal  Qa  Si^ared 

eiteicKr  momenc 

Load  Caniafe 

132.823 

.001 

xn 

Fabgue 

132t 

.001 

477 

Irtenctkifl 

4203 

.056 

.198 

Knee  exienwr  mnneiS 

Load  Caniage 

95282 

001 

049 

Fatigue 

0243 

.556 

020 

interact  kin 

0j(K13 

.960 

OOO 

AiAle  dcniltevci  mumenl 

Load  Carriage 

34A9 

.080 

.169 

Fatigue 

8.784 

.009 

241 

Irtenctkifl 

3.8 16 

.067 

.183 

Hip  jnini  p<iweT  pRKiuctinn 

Load  Carriage 

28245 

.001 

j624 

Fatigue 

]6.l«) 

.001 

488 

tikeractkin 

1250 

.279 

069 

Knee  jcinl  pnwer  abxHpUai 

Load  Carriage 

28j6O0 

.001 

j627 

Fatigue 

0j678 

.422 

098 

tikeractkin 

0075 

.787 

004 

AiAle  j<inl  pnwer  ahxitplicn 

t.oad  Carria^ 

7281 

.015 

203 

Fatigue 

9295 

.007 

256 

tikeractkin 

1.797 

.198 

096 

1985).  The  increased  pelvis  anterior  lilt  ohsened  in  this 
study  could  be  a  result  of  the  increased  trunk  frrwaid  lean 
(Hannan  et  al.,  2000;  Polcyn  et  al.,  2002).  Increasing  trunk 
fcrwaid  lean  and  pelvis  anterirr  tilt  may  serve  to  verlically 
align  the  load  carried  with  the  body’s  center  of  mass  (CM). 
Thus,  participants  can  walk  with  improved  sagittal-plane 
stability  and  make  sm(H4h  weight  transfers  between  legs. 

The  effcci  of  load  carriage  on  lower-ejitrcmity  joint 
angles  at  heel  strike  and  during  weight  acceptance  of 
walking  has  not  always  been  straightftrward  in  the 
literature.  The  majority  of  Uud-carriage  studies  have 
shown  inocased  knee  and  hip  flexiin  at  heel  strike 
(Harman  et  al.,  2000;  Kinoshita,  1985).  However,  Tilbuiy- 
Davis  and  HtH>per(1999)  icpirrtcd  that  sagittal-plane  joint 
kinematics  is  not  influenced  by  loud  cairiage.  Our  study 
confirms  that  load  cairiage  results  in  increased  knee  and  hip 
flexion  at  heel  strike  and  more  knee  flexitn  during  weight 
acceptance.  Increasing  hip  and  knee  flexion  lowers  the  CM 
of  the  human  body  so  that  stability  can  be  improved  during 
walking  (Harman  et  al.,  2000).  In  addition,  increasing  knee 
flexion  lengthens  the  quadriceps  miment  arm  f<T  gicater 
pniduction  of  knee  extensor  moment  (Pandy  &  Shelburne, 
1998).  Thus,  increasing  knee  flexion  is  a  c<mpensat«Fy 
mechanism  to  enhance  absorption  of  gmund-impuct  forces. 
The  incinsistent  findings  between  Tilbury-Davis  and 
Hrxjper’s  study  (1999)  and  others  may  be  due  to 
participanLs*  experience  in  load  carriage.  In  Tilbury-Davis 
and  Hw^ier’s  study,  the  recruited  military  personnel  were 
experienced  load  carriers.  In  the  current  study  and  others 
( Harman  et  al.,  2000;  KiniKhita  1985).  participants  had  less 
experience  or  no  experience  with  carrying  hcav'y  backpack 
loads.  It  is  possible  that  experienced  load  carriers  may  be 
able  to  carcy  heavy  loads  with  minimal  kinematic  changes 


fnim  their  natural  walking  pattern  and  possibly  lower  the 
risk  f«T  injury.  Rnally,  in  this  study,  it  was  found  that  loud 
cairiage  did  not  influence  the  ankle  angle  at  heel  strike.  This 
is  in  agieement  with  the  literatuir  (Birrell  &  Haslam,  2009; 
Harman  et  al.,  2000). 

We  also  found  that  loud  carriage  had  a  significant  effect 
on  lower-exlrcmity  joint  miment.  B(4h  knee  extensor  and 
hip  extensor  moments  were  increased  during  weight 
acceptance.  Also,  there  was  a  trend  of  increased  ankle 
dorsiflexor  moment  (p=.08).  Our  findings  are  in 
agreement  with  Harman  et  al.’s  study  (2000),  which 
reported  that  loud  carriage  leads  to  increases  of  the  lower- 
extremity  joint  moments.  In  this  study,  the  incTeases  of  hip 
and  knee  extensor  moments  may  correspond  to  the 
increased  hip  and  knee  flexion  al  heel  strike.  At  the  hip- 
joint  level,  increasing  hip  flexicn  prestretches  the  hip 
extensers  and  leads  to  an  incTease  of  hip  extensor  moment. 
At  the  knee-joint  level,  increasing  knee  flexion  at  initial 
contaci  not  only  serves  to  prestretch  the  knee  extenson,  but 
also  lengthens  the  quadriceps  miment  arm  (Pandy  & 
Shelburne,  1998).  Therefere,  the  production  of  knee 
extenscr  moment  is  enhanced. 

We  also  found  that  l«xid  carriage  had  a  significant  effect 
on  lower-extremity  joint  power.  At  the  hip-joint  level,  there 
was  an  increase  of  power  production  at  weight  acceptance. 
The  incTeased  hip-j  oi  nt  power  re  fleets  an  effort  to  return  the 
anteriiT-tiltcd  pelvis  to  its  neutral  positum  during  stance.  At 
the  knee-  and  ankle-joint  levels,  greater  psiwer  absorption 
was  observed.  As  both  the  knee  and  ankle  joints  are 
responsible  for  shuck  abserption  during  weight  acceptance 
(Rose  &  (jamble,  2006),  it  appears  that  the  lower  extremity 
increases  power  absorptim  to  attenuate  ground-impact 
forces  at  weight  acceptance  of  loaded  walkirtg.  However, 
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increased  p<jwicr  absorption  at  the  knee  and  ankle  joints  may 
elevate  mechanical  stresses  in  the  knee  extensors  and  ankle 
d(Tsiflexor>. 

Leg  muscles  play  an  imp<atant  mle  in  attenuating  gn>und 
reaction  hives  (Simpson  et  al.,  1999).  When  1<^  muscles  are 
fatigued,  their  ability  to  dissipate  gmund  reaction  hrrees  is 
reduced(  Verbitsky  etal.,  1998;  Voloshinetal,  1998).  We  had 
reported  that  leg  muscle  fatigue  leads  to  incieases  of  vertical 
gn)und  read  id)  hives  and  kxiding  rales  during  walking 
<  WangetaL  201 2).  Frtin  a  mechanical  print  of  view,  changes 
in  lower-extremity  joint  mechanics  necessarily  induce 
chaitges  in  gmund  reaction  hives.  Thus,  in  this  study,  we 
expected  that  there  wxtuld  be  changes  in  lower-extiemity  joint 
mechanics  during  walking  in  a  fatigued  slate.  Indeed,  we 
observed  pninounced  alterations  of  lower-exUemity  joint 
mechanics.  Specifically,  at  the  ankle-joint  level,  there  were 
decieases  of  dorsiflexitm  al  heel  strike,  dtrsiflexor  moment, 
and  jrini  power  absorption  during  weight  acceptance;  at  the 
hip-joint  level,  there  were  inciea.scs  of  extensor  moment  and 
joint  power  pmductirn  at  weight  acceptaixe. 

The  ankle  joint  plays  an  important  role  in  facilitating 
human  walking  (Rose  &  Gamble,  2006).  At  weight 
acceptance,  the  ground  react im  force  vector  pa.sses  behind 
the  center  of  the  ankle  joint  and  cTeates  an  external  plantar- 
flexion  moment.  The  ankle  dorsiflexors  contract  eccentri¬ 
cally  to  counteract  this  external  planlar-flexidi  moment  and 
prevent  the  hnl  fmm  slapping  on  the  ground.  The  current 
study  showed  that  under  the  influence  of  muscular  fatigue, 
the  dorsiflexors’  ability  toconUx)!  the  ankle-joint  nxilixn  and 
absorb  giximd-impucl  forces  was  compmmised.  On  one 
hand,  there  ate  incTcases  of  vertical  giximd-impact  fuves 
and  loading  rates  (Wang  et  al.,  2012).  On  the  other  hand, 
there  is  reduced  ankle-joint  function  with  decTeases  of 
dtrsiflexion,  dorsi flexor  mxment,  and  j<int  power  absorp¬ 
tion.  Thus,  large-impact  Ixiiding  may  be  transmitted  to  knee- 
joint  level. 

The  kneejointwasfound  to  be  the  dominant  jxim  usedfotr 
shoK'k  attenuatiom  in  running  (Derrick,  2004;  Mi/rahi  et  al., 
2000).  Increased  knee  flexiom  at  heel  strike  orf  running  is 
assoK'iatcd  with  increased  shorek  atlomualiorn  (Derrick  et  al., 
2002).  hi  the  current  study,  (here  was  nor  increase  in  knee 
flexion  at  weight  acceptance.  The  kneeexUmsorr  moment  and 
jorint  poiwer  absonpUon  aisoi  stayed  uirhanged.  Given  the  fact 
that  there  are  significant  increasers  of  vorrtical  ground-impact 
foxv(»  and  bading  rat(^s  during  fatigued  walking  (Wang 
et  aU  2012),  lacking  an  adjustmomt  in  knee  mechanics 
reflectsthe  inahi  lity  of  (he  fatigued  knee  ext  emsorrs  tor  increase 
impact  attenuatioir.  Without  increased  coiitribuliom  oif  shorek 
allemiatioii  fixrm  (he  knee  extensors,  (he  increased  grorund- 
impact  forcors  may  be  further  fixrpagaled  to  the  upper  body 
through  the  skelortal  system.  In  fiict,  ithasbeom  suggorsted  that 
increased  shorek  protpagaliom  and  decreased  shock  atlcmu- 
aliom  alotpg  the  musculoiskelelal  system  may  lead  to 
pmgrexsiom  o>f  ovomise  injuries  such  as  oKtexiarthritis  and 
low  back  pain  (Corll ins  &  Whittle.  1989). 


The  hip  exUmsorrs  play  a  roile  to  stabilize  the  pelvis  and 
lift  the  C’NI  of  the  body  oiuring  weight  accorplance  of  w  alking 
(Rose  &  Gamble,  2006).  The  hip  exlcnsorr  momcmt 
corunteracLs  the  external  hip  flexiom  moment  int^)duc<^d  by 
(he  gnrund  reactiom  force  (Rose  &  Gamble,  2006).  In  (his 
stuoly,  we  found  that  boXh  hip  extensorr  mormoml  and  jorint 
power  {ixHluction  wxre  increased  during  fatigued  walking. 
As  muscle  fatigue  induces  increases  oif  gnund  reactiom 
forces  (Wang  el  al.,  2012),  it  appears  that  the  increased 
demand  for  hip  extomsoir  moment  and  pxiwer  is  a  result  of  the 
increased  external  hip  flexiom  moment  from  the  increased 
grolund  reactiom  fonve.  Comsequenlly,  the  hip  extensors  may 
experiomce  increased  mechanical  stresses  as  well  as  an 
increased  risk  for  muscle  strain  during  fiitigued  walking. 

The  coimhined  effect  of  bad  carnage  and  muscle  fatigue 
om  loiwor-exlremily  joint  mechanics  has  not  previously  been 
examined.  In  this  study,  we  foiund  that  there  was  no 
intenictiom  between  loud  carnage  and  muscle  fatigue  om 
lower-extremity  joiint  mechanics.  The  coimbined  effect  oif 
loud  careiage  and  muscle  fatigue  resulted  in  pnmounced 
changes  in  joint  kinematics  and  kinetiors.  Specifically,  there 
were  increases  of  pelvis  till,  knee,  and  hip  flexiom  and  a 
decrease  of  ankle  doirsiflexiom  at  heel  contact.  Alsoi,  boith 
knee  and  hip  joints  exp)eriomc<^d  increases  of  extensor 
moment  and  pHiwer.  It  is  pMissible  that  om  one  hanoi  carrying 
addiliomal  bads  increases  demand  for  large  loiwer-extremily 
joint  moiments  and  pxiwers;  om  (he  oithorr  hand,  fatigued  leg 
muscles  expieriomce  difficulty  in  increasing  force  output 
(BiglanohRitchie  &  Wouds  1984)  to  elevate  joiint  momomt 
and  pxiwxrr.  Thus,  loud  carriage  coiupled  with  muscle  fatigue 
coiuld  impKKe  large  mechanical  slr(^sses  om  the  loiwer- 
exlremity  musculoiskelelal  system.  The  risk  for  devebping 
loiwer-extremity  oivenise  injuries  wxiuld  then  be  increased 

Stress  fractures  and  knee  pain  are  typical  overuse  injuries 
repHirred  duririg  military  training  (Jomes  et  al.,  1993;  Kiupik 
et  al.,  2004).  bi  this  study,  bad  careiapj^  was  found  to 
increase  bwxr-extremity  joiint  moiments.  An  increase  in 
joint  moiment  reflects  an  increase  iit  mechanical  louolings  in 
(he  joiint  (Andriacchi,  Joimsom,  llurwilz.,  &  Nalarajaa 
2005),  which  may  inflict  joiint  comolifioms  such  as  knee  puia 
In  additba  bomors  under  laige  mechanical  loudings  (e.g., 
coimpressiom  and  bomding)  wxiuld  expierience  large  borne 
strains  (Nordin  &  Frankel,  2012).  Thus,  it  is  pnissible  that 
during  walking  with  bad  carriage,  the  repretitive  mechanical 
loudings  apiplied  to  the  lower  extremity  wxiuld  increase  the 
risk  for  stress  fractur<^s  in  the  tibia  and  femur.  Muscle 
fatippje  was  found  to  reduce  ankle  joint  pniwor  at  weight 
accorplance.  Reducing  pniwor absoirptiom  al  the  ankleimpii(» 
(hal  an  increased  piortiom  of  (he  kinetic  eneigy  at  impact 
must  be  absoirbed  by  bwier-extremity  bomors  and  transmitted 
to  proiximal  joints.  Groiund  reactiom  loiading  rales  have  been 
shown  (01  increase  oiuring  fatigued  walking  (Wang  el  al., 
2012).  Thus,  aloing  with  a  piossible  increase  in  energy 
absoiptioin,  bwxr-exlremily  homes  (e.g.,  tibia)  could  aLsoi 
expreriomce  fiist  rators  of  mechanical  loudings  and  increased 
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Strain  rales.  The  risk  for  developiitg  bone  miettHdamage  is 
then  increased.  Theiekm,  the  combined  effect  of  load 
carriage  and  muscle  fatigue  c«xild  impose  great  mechanical 
stresses  on  lower-extremity  Ixncs.  Repetitively  appl}ing 
such  large  mechanical  loads  at  a  fa.st  rate  to  the  bcaies  ctxjid 
elicit  tibial  and/or  femcral  stress  fractures.  In  fact,  Milgrom 
et  al.  (2007)  had  speculated  that  the  tibial  bone  strain  wexjid 
expeiicncc  larger  changes  during  fatigued  running  or 
marching  when  carrying  heavy  packs,  which  may  result 
in  an  increased  risk  firr  tibial  stress  fracture.  Future 
studies  should  examine  deftrmatirar  of  lower-exUemity 
bones  under  mechanical  stresses  from  loaded  and 
fatigued  walkipg. 

In  summary,  load  carriage  and  muscular  fatigue 
significantly  influeiKe  lower-extremity  joint  mechanics 
during  walkirig.  Load  carriage  results  in  increases  of  pelvis 
anterior  lilt,  hip  and  knee  flexion  at  heel  contact,  and  an 
increased  demand  ftT  lower-extremity  joint  mranents  and 
piAvers  al  weight  acceptance.  Muscle  fatigue  also  leads  to 
alterations  of  joint  mechanics,  which  iixlude  decTeases  of 
ankle  dorsiflexitn,  dorsiflexcr  moment  and  joint  p<iwier,  and 
incTeases  of  hip  extensor  moment  and  joint  power  at  weight 
acceptance.  The  significani  alterations  of  lower-extremity 
joint  mechanics  associated  with  load  cairiage  and  fatigue 
may  help  explain  the  high  incidence  of  lower-extremity 
overuse  injuries  reported  during  army  basic  training. 

As  it  is  evident  that  load  cairiage  and  muscle  hitigue — 
the  two  physical  sfresstrrs  experienced  by  mi  lilary  personnel 
during  physical  U'ainirtg — ctxild  elicit  charrges  in  lower- 
extremity  joint  mechanics,  which  may  incTeasethe  risk  frrr 
overuse  injuries,  it  is  necessary  to  explore  ways  to  lessen  the 
impacts  of  these  two  facters  on  military  recruits  entering 
basic  training.  The  krllowipg  recommendations  may  be 
considered.  First  it  seems  logical  to  improve  military 
recruits*  leg  muscle  strength  and  endurance  to  delay  the 
cffeci  of  muscle  fatigue.  Before  entering  basic  training, 
based  on  outermes  of  functioral  lower-extremity  tests  and/ 
or  military  scTcening  tests,  intniducing  a  custom  weight- 
training  program  consisting  of  resistaiKc  and  endurance 
trainings  will  be  helpful  to  the  recruits.  Second,  it  ts  evident 
that  experienced  load  carriers  are  able  to  minirnize  changes 
in  joint  kinematics  (Tilbury-Davis  &  Hrarper,  1999),  which 
may  be  associated  with  smaller  increases  of  joint  Uxiding 
and  lower  risks  for  ovenisc  injuries.  It  is  reasonable  to 
encourage  recruits  to  practice  load  carriage  before  entering 
the  training  to  become  familiar  with  loaded  walkitig.  Also, 
gradually  increasing  the  load  carried  through  the  course  of 
basic  training  may  be  desirable. 

Some  limitatidis  of  the  slud>'  must  be  addressed  here. 
First  althixigh  the  fatiguing  proUKol  used  in  this  study 
effectively  elicited  muscle  fatigue  in  the  participants,  it  ts 
different  fnan  situations  in  basic  training,  during  which 
recruits  develop  fatigue  over  a  pmlonged  peritHl  of  time  (c. 
g.,  hours  and  days).  It  is  possible  that  recruits  may  exhibit 
greater  alterations  in  joint  mechanics  during  the  actual 


training  than  during  the  laborat«T>'  testing.  Second, 
participants  in  this  study  had  no  experience  with  load 
cairying.  Rxrsults  from  this  study  are  more  applicable  to 
recruits  enterii^  basic  training  with  limited  experiences  of 
U«id  carriage. 

WHAT  DOES  THIS  ARTICLE  ADD? 

Althixjgh  epidemiologic  studies  have  revealed  that  lower- 
extremity  overuse  injuries  are  commtm  among  military 
recruits,  the  injury  mechanism  is  far  from  being  understruxi 
This  study  examined  effecis  of  load  carriage  and  muscle 
fatigue  (ti  gait  mechanics  and  deteimined  that  there  are 
significant  alterations  of  lower-extremity  joint  kinematics 
and  kinetics.  Significant  changes  in  joint  mechanics  could 
result  in  iixTeased  mechanical  stresses  imposed  on  the 
musculoskeletal  system.  Thus,  the  high  incidence  of  lower- 
extremity  overuse  injuries  seen  in  militar)'  recruits  can  be 
related  to  the  pnaiounced  alteratiois  of  joint  mechanics 
during  loaded  and  fatigued  walking.  Outcomes  from  this 
stud)'  could  help  develop  exercise  programs  to  precondition 
military  recruits  beftie  entering  basic  training  to  reduce  the 
incidence  of  overuse  injuries. 
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Abstract  presented  at  the  36*  Annual  Meeting  of  American  Society  of  Biomechanics  (ASB)  in  Omaha, 
NE,  September  3  -  September  5,  2013 

Title;  The  Effects  of  the  Type  of  Activity  on  Tibial  Strain  Characteristics 
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CHARACTERISTICS  OF  TIBIAE  STRAINS  DURING  DIFFERENT 
TYPE  OF  PHYSICAL  ACTIVITIES 

Mohammad  Kia,  D.  Clark  Dickin,  and  Henry  Wang 
Biomechanics  Laboratory,  Ball  State  University 


INTRODUCTION 

There  is  evidence  that  an  individual’s  past 
physical  activity  influences  their  risk  of 
sustaining  a  tibial  stress  fracture.  This  evidence 
is  based  primarily  on  epidemiologic  research  on 
the  rates  of  injury  in  different  sub-populations 
[1],  The  mechanisms  that  may  explain  these 
results  have  not  been  adequately  examined.  The 
goal  of  this  study  was  to  develop  muscle  driven 
forward  dynamics  simulations  to  investigate  the 
influence  of  lower  extremity  exercises  on  tibial 
strains.  The  study  hypothesized  that  high  impact 
activities  such  as  drop  jump  and  cutting 
maneuvers  produce  different  tibial  strain  profiles 
than  those  produced  during  walking. 
Experimentally  measured  kinematic  data  and 
ground  reaction  forces  were  used  as  inputs  to  the 
simulations  while  the  tibial  strain  values  were 
extracted. 

METHODS 

One  healthy  male  subject  (Age  =  19  yr., 
height  =1.80  m,  and  weight  =  80  kg)  performed 
the  following  four  different  type  of  exercises: 
drop-jump  (JUM),  cutting  maneuver  (CUT), 
running  (RUN)  and  walking  (WAK).  A  VICON 
motion  capture  system  was  used  to  record 
kinematics  (240  Hz)  and  AMTI  force  plates 
were  used  to  record  ground  reaction  forces 
(2400  Hz).  Computed  tomography  (CT)  images 
of  the  subject  were  obtained  in  order  to  develop 
the  right  tibial  bone  geometry  for  a  subject- 
specific  lower  extremity  model.  The  3D  tibia 
was  segmented  in  MIMICS  14.0  (Materialise, 
Leuven,  Belgium). 

MARC  2012  (MSC. Software,  Santa  Anna, 
CA)  was  used  to  develop  a  finite  element  (FE) 
model  of  the  right  tibia  bone.  Mechanical 
properties  were  assigned  based  on  bone  density. 
FE  model  was  converted  into  a  flexible  tibia  in 
MARC  to  incorporate  the  tibia  geometry  in 
EifeMod  (EifeModeler  Inc.,  San  Clemente,  CA). 
The  subject’s  weight,  height,  gender,  and  age  as 
well  as  the  relative  positions  of  the  ankle,  knee, 
and  hip  joints,  determined  from  the  motion 


capture,  were  used  to  scale  the  generic  lower 
extremity  models  based  on  the  GeBOD 
anthropometric  database.  The  generic  right  tibia 
bone  geometry  was  replaced  with  the  developed 
flexible  body  of  the  subject  specific  tibia  bone 
geometry.  Tri-axis  hinges  combined  with 
passive  torsional  spring-dampers  were  employed 
to  model  the  hip  joints.  A  hinge  joint  with  a 
single  degree  of  freedom  was  used  for  knee  and 
ankle  joints  in  the  sagittal  plane.  A  total  of 
ninety  muscles  were  added  to  the  right/left  legs. 
The  measured  kinematics,  collected  during 
lower  extremity  exercises,  was  used  to  drive  the 
model  with  an  inverse  dynamics  algorithm  [2] 
while  the  muscle  shortening/lengthening 
patterns  were  recorded.  Next,  kinematic 
constrains  were  removed,  and  muscles  served  as 
actuators  to  replicate  the  motions  during  forward 
dynamics  (Fig.l). 

A  proportional-integral-derivative  (PID) 
feedback  controller  was  implemented  to 
calculate  each  muscle  force  magnitude  using  the 
error  signal  between  the  current  muscle  length  in 
the  forward  dynamics  and  the  recorded  muscle 
length  during  the  inverse  dynamics  simulation. 
The  force  generated  by  individual  muscle  was 
limited  by  its  force  generating  potential  given  by 
the  following  equation: 

^max  PCS  A  X  (1) 

Where  f^ax  is  ih®  muscle’s  maximum  force, 
PCS  A  is  the  physiological  cross  sectional  area 
and  (Jjjiax  is  the  maximum  tissue  stress. 

The  maximum  and  minimum  principle  strain 
values  (tension/compression)  for  all  surface 
nodes  of  the  tibial  bone  were  computed  in 
ADAMS  (MSC.  Software,  Santa  Ana,  CA) 
during  simulations.  In  order  to  compare  the 
tibial  strains  during  different  activities  in  a 
consistent  way,  only  maximum  {Max)  and 
average  (Mean)  strain  values  were  reported  for 
the  nodes  within  mid-medial  tibial  shaft  region 
[3]. 
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RESULTS  AND  DISCUSSION 

Although  developing  more  computational 
models  are  in  the  process,  the  presented  results 
are  based  on  only  one  single  subject  specific 
model.  Figure  2  illustrates  tension  (Fig.2a)  and 
compression  (Fig.2b)  strains  in  color  coded  bars 
respectively  during  the  stance  phase  of  the 
cutting  maneuver  exercise.  The  average  model 
predictions  over  the  three  trials  of  cutting 
maneuver  are  shown  in  figure  3  with  a  solid  line 
and  a  shaded  area  corresponding  to  ±1  standard 
deviation.  Table  1  summarizes  the  maximum 
and  average  values  for  the  tibial  strain  on  the 
mid-medial  tibial  shaft  region  over  all  four 
exercises  during  the  stance  phase. 

Table  1:  Tension  (TEN)  and  Compression 
(COM)  strain  values  during  four  different 
types  of  activities.  COM  strain  values  are 
rectified. 


micro 

STRAIN 

JUM 

CUT 

RUN 

WAK 

TEN 

Max 

1265 

923 

950 

454 

Mean 

390 

580 

338 

206 

COM 

Max 

437 

1257 

334 

504 

Mean 

179 

572 

162 

212 

This  study  produced  a  subject  specific 
musculoskeletal  model  capable  of  concurrent 
simulation  of  muscle  driven  forward  dynamics 
and  calculated  the  tibial  strain  values.  The 
current  study  shows  that  different  types  of 
physical  activities  exhibit  different  tibial  strain 
profiles.  Fligh  impact  activities  such  as  drop¬ 
jumping,  cutting,  and  running  elicit  large  tibial 
strain.  Thus,  participating  in  high  impact 
activities  may  introduce  mechanical  stimulations 
to  bone  and  lead  to  positive  bone  adaptations  to 
resist  unaccustomed  loading  environments.  In 
summary,  this  modeling  technique  can  provide 
useful  insights  of  bone  reactions  to  mechanical 
loadings  during  dynamic  activities. 


Figure  1:  Lower  extremity  multi-body  model  of 
the  subject  with  the  flexible  right  tibial  bone 
during  the  cutting  maneuver. 

a) 

20%  Stance  Phase  50%  Stance  Phase  80%  Stance  Phase 
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Figure  2:  Computed  strain  at  20  %,  50%  and 
80%  stance  phase  of  the  cutting  maneuver. 


Sj  20  40  60  80  tCX) 


REFERENCES 

[1]  Milgorm,  et  al.  Am  J  Sports  Med,  2000 

[2]  Lifemodeler,  I.,  2010 

[3]  Milgorm,  et  al.  J  Biomech.,  2003. 


Stance  Phase  cycle  % 


ACKNOWLEDGEMENTS 

US  ARMY,  #  W81XWH-08-1-0587 


Figure  3:  Model  predicted  strain  on  the  mid- 
medial  tibial  shaft  region. 
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